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I. Introduction

At present, semiconductor power devices are commonly used to control heavy
machinery and equipment. The principal semiconductor from which these power devices
are manufactured is silicon. For many applications, the power MOSFET is the commonly
used device. In order to minimize the power losses in the power MOSFET, it is necessary
to reduce the on-resistance of the device. Progress in silicon power technology has been
successful in pushing the on-resistance of the MOSFET close to the theoretical limits
[1,2]. It is therefore necessary to consider other semiconductor materials if further
improvements in device performance need to be attained. Silicon Carbide ( SiC ) is one
such semiconductor.

Due to the high critical electric field for breakdown in SiC ( compared to silicon )a
power device with a given voltage rating can be fabricated using a drift-region whose
doping is much higher than that in silicon [3]. Hence the on-resistance in SiC power
devices will be much lower than that in silicon power devices, for the same voltage-rating.
In 1983 Baliga [4] derived a figure of merit

BFOM = g nE2 (1)

which defines material parameters to minimize conduction losses in power FETs. Here € is
the dielectric constant, | is the mobility and Eg is the band-gap of the semiconductor.
Table 1 gives some of the electrical and material parameters of Si, 6H-SiC, 4H-SiC and
diamond for power device applications [3,5-7]. From these values and equation 1 it can be
seen that FETs made using SiC and diamond will have lower on-state losses than silicon
FETs. Good quality epitaxial layers of 6H-SiC and 4H-SiC are commercially available at
present. The FET structures on these materials need to be investigated. This is the aim of
the present work.

Property Silicon 6H-SiC 4H-SiC Diamond
Band-gap (eV) 1.1 2.86 3.2 5.5
electron mobility 1400 84" 1140 1870

(cm?/V-s )
hole mobility 600 99 108 250
(ecm?/V-s)
break down 3x10°V/em 5x10°V/cm 5x10°V/cm 7x10°V/cm
electric field
dielectric constant 11.8 9.7 9.7 11.9

*these values are for mobility along the c-axis.
Table 1 : Material parameters for silicon, silicon carbide and diamond.

The contents of the sections to follow are briefly described in the following
paragraphs. A first order analysis, to determine the voltage-ratings up to which unipolar
devices have lower forward voltage drop than bipolar devices, is performed in section II.
The forward voltage drops of 4H-SiC unipolar devices are compared to the forward
voltage drops of silicon bipolar devices for voltage-ratings ranging from 500 V - 40,000 V



at different temperatures of operation. Similar analysis is performed for 6H-SiC unipolar
and silicon bipolar devices, 4H-SiC unipolar and 4H-SiC unipolar devices and 6H-SiC
unipolar and 6H-SiC bipolar devices. |

In section III, problems associated with the operation of a SiC MOSFET and
alternatives to the MOSFET are considered. The performance of a 1000 V 4H-SiC
U-MESFET was studied using numerical simulations and the results are presented.
Problems associated in fabricating the U-MESFET structure are discussed. In addition, a
novel trench-gate heterojunction FET (HJFET) structure, with a six mask level process
sequence for fabrication, is analyzed. A process sequence for fabrication of 4H-SiC and
6H-SiC HJFETs and the problems encountered during the fabrication are discussed in
detail. The results of the experimental measurements are discussed and suggestions for
future work on the HIFET are outlined. Each section is self contained with its own
figures, tables and references.

In section IV, a novel planar lateral channel SiC high power JFET is described.
Two-dimensional numerical simulations predicted low on-resistances with excellent
current saturation and square FBSOA, which have been experimentally confirmed. In
section V, a novel planar lateral channel SiC MESFET structure with vertical current flow
in the drift region is also proposed and demonstrated by modeling and fabrication. In
section VI, a novel planar accumulation channel SiC MOSFET structure is reported. The
problems of gate oxide rupture and poor channel conductance previously reported in SiC
UMOSFETs are solved by using a buried P+ layer to shield the channel region. The
fabricated 6H-SiC unterminated devices had a blocking voltage of 350 V with a specific
on-resistance of 18 mQ-cm’ at room temperature for a gate bias of only 5 V.. This
measured specific on-resistance is within 2.5X of the value calculated for the epitaxial drift
region (10" cm™, 10 pm), which is éz;pable of supporting 1500 V. In section VII, 6H-SiC
and 4H-SiC high voltage planar ACCUFETs are compared. Section VIII describes the
design and development of process routes leading to 4” diameter SiC substrates.
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IL. First Order Analysis of Umpolar Versus Bipolar SlC,
Devices

A. Introduction

Silicon Carbide ( SiC ) has been shown to be an excellent semiconductor for the
development of high voltage, high temperature and high frequency devices. The intrinsic
carrier concentration in SiC is extremely low due to its large band gap compared to
silicon. This enables devices fabricated from SiC'to be operated at a much higher
temperature than devices fabricated from silicon. Also SiC has a high critical electric field
for breakdown compared to silicon. This allows the use of much higher doping and thinner
epi-layers for a given breakdown voltage than is required in Si devices, resultmo in much
lower specific on-resistances for unipolar power-devices [1].

Power devices can be broadly classified into unipolar and bipolar devices. In
unipolar devices the on-state voltage drop is determined by the resistance of the drift
region. The forward conduction losses are therefore determined by the drift region doping
and thickness and hence increase with the voltage rating of the device. The power
MOSEFET is a commonly used unipolar device. In bipolar devices, on-state conduction
occurs by injection of carriers across a p-n junction resulting in conductivity modulation of
the drift-region. Consequently, the on-state voltage drop is determined by the contact
potential of the p-n junction, because the voltage drop across the drift-region becomes
small. The IGBT is the most commonly used high voltage MOS gated bipolar device. In
case of the IGBT, assuming minority carrier life-times are high, the forward conduction
losses are largely determined by the contact potential ( Vy; ) of the p-n junction and remam
fairly constant over a large range of breakdown voltage ratings.

B. Objective of the first order analysis

For relatively small voltage ratings, thin epi-layers with high doping are needed and
the voltage drop across the drift region is much lower than the contact potential. Hence it
is advantageous to use unipolar devices for these applications. For higher voltage ratings,
thicker low doped layers are used and the drift region drop becomes large compared to the
contact potential. In bipolar devices, there is conductivity modulation of the drift-region,
due to injection of minority carriers across the p-n junction, this results in a nearly .
constant forward voltage drop independent of the drift-region doping or thickness. Hence
bipolar devices have lower on-state voltage drops than unipolar devices at high voltage
ratings.

For unipolar devices, taking into account only the dnft -region resistance the
forward voltage drop can is given by:

_ TWepp (D

g, N
where J is the current density in the on-state, q is the electron charge, N is the dopmg of
the material, |, is the electron mobility, We,p is the drift-region width [2]. The ele_c;tron[
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mobility decreases as the temperature of Operatlon increases: Wa & (T/300)%%? for silicon
and [, o (T/300) 13 for SiC [2,3]. Hence, the forward voltage drop fora umpolar device
increases with increase in temperature. In bipolar devices, since Vi decreases with
temperature, the forward voltage drop actually decreases with temperature. Thus unipolar
devices are suitable for low voltage and low temperature applications and bipolar devices
are better suited for higher voltages and temperatures.

In general, unipolar devices are preferred over bipolar devices, due to their
superior sw1tchm° characteristics and safe-operating area (SOA) [2]. For silicon power
devices, unipolar devices ( power MOSFETs ) are used for voltage ratings up to 200 V
and bipolar devices are used for higher voltage ratings, in order to keep the on-state losses
to a minimum. For a given voltage rating, SiC unipolar devices have a much lower specific
on-resistance (about 200 times lesser) than silicon unipolar devices [1]. Hence, SiC
unipolar devices can be used for much higher voltage ratings than Si unipolar devices. The
forward voltage drop in bipolar devices depends on the band-gap of the material
(increases with increasing band gap ) and is fairly independent of the voltage rating of the
device due to conductivity modulation of the drift-region. Hence, silicon ( E, = 1.1 eV)
bipolar devices will always have a lower forward voltage drop than 6H-SiC
(E;=2.86eV) or 4H-SiC ( E, = 3.2 eV) bipolar devices. Typical on-state J-V
characteristics for silicon, 6H-SiC, 4H-SiC IGBTs are shown in figure 1. Silicon has the
lowest band-gap and hence silicon IGBTSs have lower forward voltage drops than 6H-SiC
or 4H-SiC IGBTs. The objective of this analysis is to determine the voltage rating above
which the forward voltage drop of SiC unipolar devices exceeds that of silicon b1polar
devices and SiC bipolar devices.

Lo
B

J A Si(E=11ev) SHSIC(E=286¢V)

4H-SiC (E;=3.2¢V)

0.8 .27 3 T
v

Fig.1 : Typical Forward J-V characteristics for Si, 6H-SiC, 4H-SiC IGBTs, the
forward voltage drop for the silicon IGBT is the lowest.




C. Analysis

For a simple first order analysis, the forward voltage drop of a unipolar device can
be assumed to be the same as the drift-region voltage drop and the forward voltage drop is
given by equation 1.

The forward voltage drop of a bipolar device can be assumed to be the same as
that for a P-I-N rectifier and the forward voltage drop is given by:

2kT Jd
V= q 1n(ZqDaniF(d/La)] (2)

where n; is the intrinsic carrier concentration, D, is the ambipolar diffusion coefficient, L,
is the ambipolar diffusion length and d is We pp/2. For this analysis, it is assumed that the
minority carrier lifetimes are high enough such that L, = d, i.e. F(d / L,) has its maximum
value of 0.3 [2]. <

C.1. Analysis of cross-over current density

Figure 2 shows the typical forward J-V characteristics of a unipolar and bipolar
device at two different voltage ratings. The current density at the point at which the two
curves intersect will be defined as cross-over current density (J¢). Jc depends on the
voltage rating of the device. As the voltage rating of the device increases, the drift-region
doping decreases. This results in an increase in the forward voltage drop for unipolar
devices. In case of bipolar devices, due to conductivity modulation of the drift-region the
increase in forward voltage drop is much smaller. Thus, the J-V curves for unipolar and
bipolar devices intersect at a lower value of current density as the voltage-rating of the
device increases, as illustrated in figure 2 ( ie. Jo; < Joy ). For a given voltage rating;-if
the operating current density in the on-state is greater than Jc then a bipolar devicé'._'Wi.]l .
have a lower on-state voltage drop. If a device needs to be operated at a current density
below Jc at a given voltage-rating then a unipolar device is preferred. '

A / bipolar device

BV,

\

/ unipolar device
Je" "7 77 "

BV,

BV,

Id- -/ - - BV,<BV,

v el

- Fig. 2 :Typical Forward J-V characteristics for unipolar and bipolar devngs '
showing the cross-over current density ( Jc ). Jc decreases as the breakdown voltage of .
the device increases. - S '
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For a given breakdown voltage rating ( BVpp ) and temperature ( T ), the val@e_of
Jc can be extracted from equations ( 1) and ( 2 ) by equating their right hand sides and
solving for Jc. The variations of N, W, with the breakdown voltage ( BVpp) for SiC and
silicon are given in table-1 [4-6]. The variation of the mobility with doping and
temperature are also given in this table. Using these relations, Jc was calculated for
4H-SiC unipolar devices and silicon bipolar devices for voltage ratings varying from
500 V to 40000 V and temperatures of 300 K, 400 K and 500 K. Figure 3 shows the plot
of Jc versus BVpp for 4H-SiC unipolar and silicon bipolar devices for 3 different
temperatures of operation. Figure 4 shows a similar plot for 6H-SiC unipolar and silicon
bipolar devices. Plots comparing 4H-SiC unipolar devices to 4H-SiC bipolar devices and
6H-SiC unipolar devices to 6H-SiC bipolar devices are shown in figures 5 and 6,
respectively. At a given temperature, Jc is a function of BVep, the variation of J¢ with
BVpp can be determined from the curves shown in these figures or by using the relations
given in table 2. : -

The analysis indicates that the cross-over current density for 4H-SiC unipolar and -
silicon bipolar devices reaches 100 A / cm® at approximately 4500 V at 300 K. Thus for
room temperature operation, if the operating current density < 100 A / cm?, 4H-SiC
unipolar devices will have a lower forward voltage drop than silicon bipolar devices for
voltage-ratings up to 4500 V. The cross-over current density for 4H-SiC unipolar and 4H-
SiC bipolar devices reaches 100 A / cm® at approximately 7000 V at 300 K. Thus for
room temperature operation, for current densities < 100 A/ cm? , 4H-SiC unipolar devices

will have a lower forward voltage drop than 4H-SiC bipolar devices for voltage-ratings up
to 7000 V. _

et

silicon 4H-SiC 6H-SiC
Band-gap (E;) 1.1eV 3.2eV 2.86eV
n; (at300K) 1.4 x 10" 1.1x10°% 7.6 x 10°
Table1(a)
Silicon

Doping : N=2 x 10'® ( BV )*?
Depletion Width at break down : Wepp = 2.58 x 10 (BVpp )™
510x 10" + 92N / T )'“2
375x 101 + N0 (300

290x 10'% + 47.7 NO-76 (.T )"“

Electron Mobility : p, =

Hole Mobility : p, = 586x 102 + N976  \300 2

. Tablel1(b)




o AH-SiC o
Dopmg N= 2265x10’°(13v D RO -
Depletion Width at break down : Wgs = 2. 1766 % 107 (Bv,‘ )“’7’

1140

+( N )0-?1 (3%6)

1.94 x 10'7 ,
108 T Y18
N 0.34 (73’06) _ [3,4]
e
1.76 x 101°

Electron Mobility : p, =

Hole Mobility : Kp =159 +

Table 1 (c)

6H-SIC__
Doping : N = 2.265 x 10%° ( BVpp) ™%
Depletion Width at break down : W pp = 2.1766 x 10 (BVpp )73

86.46 T Y18
N 059 \300
i)
1.11x 108
-1.8 . ’
922 T ) | [3,4]

1+( N )0‘31 (300.

2.1x10%°

Electron Mobility : p, =

Hole Mobility : Hp = 6.8 +

Table 1 (d)
Table 1 (a-d): Material constants used-in the First Order Analysis

10°
10 {3
10° J
o 102 4
100 -

100 —E

101 -

103 104 . 105

Fig. 3 : Vanatlon of cross-over current den51ty for 4H SlC umpolar and S1 b1polar dewces

with voltage-ratmg and ternperature of opera’aon
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Fig. 4 : Variation of cross-over current density for 6H-SiC unipolar and Si bipolar.
devices with voltage-rating and temperature of operation.
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. Fig. 6 : Variation of cross-over current density for 6H-SiC unipolar and 6H-SiC b1polar
devices with voltage- ratm g and temperature of operation.

Temperature (K) 4H-SiC unipolar Vs Si bipolar
300 Jc=1.258 x 10" (BVpp )>*
400 Je=7.76 x 10" ( BVpp }*°
500 ‘ Je=4.4x10" (BVpp)?®

(a) ...
Temperature (K ) 6H-SiC unipolar Vs Si bipolar . -
300 - Je=1x10"(BVpp)™> -~ =
400 . Je=5.76 x 10° (BVpp )*°
500 Jc=3.4x10° (BVpp )**

(b)
Temperature (K ) 4H-SiC unipolar Vs 4H-SiC blpolar
300 Joc=3.7x 10" ( BV )?*
400 Jc=2.1x 10" (BVpp )?*
500 Je=1.35x 10" (BVpp )?*

(¢c) . v
Temperature (K ) 6H-SiC unipolar Vs 6H-SiC bipolar
300 ' Je=29x 10" (BVpp )>*
400 Je=1.7x 10" ( BVpp y**
500 Jc=1.1x10"°(BVep)?**

(d)

~ Table 2 (a-d) : Numerically derived relations for variation of cross- over current den51ty
with voltage-rating and temperature of operation for umpolar and b1polar dev1ces




C.2. Analysis of forward voltage drop at 100 A / cmz.

The forward voltage drop ( Vg ) for a unipolar device and bipolar device, for a
given voltage rating ( BVpp ), at a given current density can be calculated using equations
(1) and ( 2) respectively. Figure 7 shows the typical variation of Vg with BVpp for
unipolar and bipolar devices. In unipolar devices, the forward voltage drop depends on the
drift-region resistance. The drift-region resistance increases as the breakdown voltage
increases, since the doping decreases resulting in a gradual increase in the forward voltage
drop with the voltage-rating of the device. In bipolar devices there is conductivity
modulation of the drift-region and the forward voltage drop is nearly the same for all
voltage-ratings. The voltage rating at which the two curves intersect will be defined as the
cross-over breakdown voltage BVe¢. For voltage ratings lesser than BV¢ unipolar devices
have a lower VE than bipolar devices and for voltage ratings greater than BV bipolar
devices have a lower Vg than unipolar devices . The forward voltage drop for 4H-SiC
unipolar devices and silicon bipolar devices at a current density of 100 A / cm® at 3
different temperatures ( 300 K, 400 K, 500 K ), as a function of the voltage rating
(BVpp ) are shown in figure 8. As the temperature, increases the forward voltage drop in
unipolar devices increases due to degradation of mobility while the forward voltage drop
in bipolar devices decreases slightly with increase in temperature. Hence the Vg versus
BVep curves for 4H-SiC unipolar devices shift up as the temperature increases whereas the
curves for silicon bipolar devices remain nearly unchanged. It can be seen that at 300 K,
the value of BV¢ is approximately 4500 V. This implies that 4H-SiC unipolar devices have
a lower V than silicon bipolar devices for voltage ratings upto 4500 V. Figure 9 shows a
similar plot for 6H-SiC unipolar devices and silicon bipolar devices. The cross-over
breakdown voltage in this case is approximately 1000 V as against 4500 V in the previous
case. This is due to the fact that the electron mobility along the c-axis in 6H-SiC is nearly
10 times lower than that in 4H-SiC. Similar plots for 4H-SiC unipolar and 4H-SiC bipolar " -
devices are shown in figure 10 and the value of BV¢ at 300 K is approximately 7000 V.
Figure 11 shows a. similar plot for 6H-SiC unipolar and 6H-SiC bipolar devices. The

values of BV at different temperatures are given in table 3.
Vi A

unipolar

/ \ bipolar

BV, BV
rp

Fig 7: Typical variation of fofward voltage drop ( Vg ) with the voltage-rating ( BVep )
for unipolar and bipolar devices, the voltage-rating at which the two curves mtersect is, -:
called the cross over breakdown voltage (BVe).
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Fig. 11 : Variation of Vp ( at 100 A / cm® ) with voltage-rating for 6H-SiC unipolar and
6H-SiC bipolar devices at 3 different temperatures.
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Matenal 4H-SIC /Si 6H-SiC /Si | 4H-SiC/4H-SiC 6H-SiC/6H-SiC

feaperatuce :
300K 4500V 1800 V 7000V 2500V

400 X 3so0 vV 1200V ssoo v 2000V

§00 K 3000V 1050V 4500V 1300V

Table 3 : Cross-over breakdown voltages for umpolar Vs bipolar devices for 4H-SiC, 6H-
SiC, 81 at different temperatures of operation.

<
-
-

V tmipolar'

2

.

o

Flg 12 Vanat1on of Vp with temperature for umpolar and b1polar dev1¢es the

temperature at'the point of mtersectlon of these curves is deﬁned to be the cross over‘ .
temperature ( Tc )

, For a given breakdown voltage, the forward voltage drop for umpolar dev1ces
increases with temperature while that for bipolar devices decreases: Figure 12 shows a
typical variation of the forward voltage drop with temperature for unipolar and b1polar
devices. The temperature at which the VE versus T curves for umpolar and b1polar devices

_intersect will be ‘defined as the cross-over temperature ( Tc ). The values of Tc as a
function of the breakdown voltage ( BVpp ) for 4H-SiC umpolar and silicon bipolar
devices are plotted in figure .13. Similar plots for 6H-SiC unipolar and Sl]lCOIl bipolar

. devices, 4H-SiC umpolar and bipolar devices, 6H-SiC umpolar and b1polar devices are

~ also shown in the same figure. At a given voltage-rating, if the temperature of operatlon of
the dev1ce is going to be less than T¢ then a unipolar dewce w1]l have a lower forward
voltage drop than a bipolar device. If the temperature | of operatlon is more than Tc ‘then

the bipolar device will have a lower forward voltage drop. The value of Tc at 3000 V. for
4H-SiC unipolar devices to silicon bipolar devices is appro ately 500 K Thus fora
~ voltage-rating 0f:3000 V if the temperature of operation of device is going to be less

than 500 K then 4H-SiC unipolar devices will be preferred : 'con b1polar devmes as; ‘_

they will have a lower forward voltage drop T R T
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Fig. 13 : Variation of cross-over temperature with the voltage-rating of the device, if the

temperature of operation is below the cross-over temperature unipolar . devices have a
lower Vg than bipolar devices.

D. Conclusions

A first order analysis to compare the performance of unipolar devices to b1polar
devices over a range of voltage ratings ( 500 V - 40000 V ) was performed. The forward '

voltage drop at 100 A / cm® was used to do the comparison. It ‘was’ “found that for room |

temperature operatron 4H-SrC umpolar devices have lower forward voltage drops than .
silicon bipolar devices for voltage ratings upto 4500 V. A : e
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IIL Vertical Channel UMESFET
1. Analysis of the U-MESFET

A. Introduction

From the discussion in the previous section, it is evident that silicon carbide
unipolar power devices are preferable for voltage ratings below 4500 V. The most
commonly used unipolar device in silicon power device technology is the power

- MOSFET. In this section the current status of silicon carbide MOSFETSs and associated

problems are presented. The alternatives to the power MOSFET are the JFET and the
MESFET. The output characteristics of a 1000 V silicon carbide MESFET are analyzed
using simulations.

B. Background

B.1 Power MOSFET

The two commonly used MOSFET structures are the DMOSFET and the
UMOSFET shown in figures 1 (a) and 1 (b) respectively. In both the MOSFET structures,
the p-n junction between the P-base region and the N-drift region provides the blocking
capability. Due to the very small diffusion rate of dopants in silicon carbide, it is not
practical to fabricate the DMOSFET [1]. The most suitable structure is the U-MOSFET in
which the P-base region is epitaxial-grown on the N-drift layer. The power MOSFET is
capable of blocking voltage in only one quadrant. For n-channel structures the devices are
operated with a positive voltage applied to the drain. When the gate electrode is shorted
to the source the device can support a large drain voltage across the P-base/N-drift region
junction. The forward blocking capability is shown in figure 2 by the lowest trace [2].

GATE . GATE ,
SOURCE ~ SOURCE SOURCE __ SOURCE
o s S R . /1
N+t (L E CNE ] N+
P-BASE ' P-BASE | : P-BASE P-BASE
N ; N-
|
N+ | N+
7777777 7L 777 L7 7777 L7 L7 ) L7707 77777777 777777
DRAIN ‘ . : DRAIN .
Fig.1 (a) : Cross Section Of a D-MOSFET Fig. 1 (b) : Cross Section Of a

U-MOSFET



e

A BREAKDOWN

VG.z

Vas Ve

Voa

Vo1 =0 VOLTSJ‘)ff _J .
Vos

Fig. 2 : Outpuﬁ characteristics of a typical MOSFET, the forward blocking capability is
_ shown by the lowest trace. : '

When a positive gate bias is applied, the channel becomes conductive. At low drain
-voltages the current flow is resistive with the on-resistance determined by a combination
of the channel and drift region resistances. ‘The total on-resistance decreases ‘with
increasing gate-bias until it approaches a constant value. At high drain voltages, the
resistance of the power MOSFET increases and (ultimately the current saturates at ‘high
drain voltages as shown in figure 2. o Ea S
B.2.Problems with SiC MOSFETs _ TR
The UMOSFET on-resistance consists mainly of the channel resistance and the drift-
region resistance[2]. The channel resistance (R sp)is given by : :

Rapp = et W + W) (1)

: . 2i‘lnsCo’x(VG'VT) . o
where Lo, is the length of the channel, W,, and W, are the trench and mesa-widths
respectively, Co. is the capacitance per unit area of the gate oxide, Vg and Vy are the gate
and threshold voltages and i, is the inversion channel mobility [2]. In order to achieve an
on-resistance value close to the ideal value, the channel resistance should be made as low
as possible. Hence it is important to obtain a high inversion channel mobility. '

The inversion channel mobilities reported in silicon carbide are very. low
(20 cm¥V-s ) [3], resulting in severe degradation of specific on-resistances. This is -
ilustrated in figure 3 where the calculated specific on-resistance is given as a function of
. the breakdown voltage for various inversion layer mobility values [1]. Further the critical
electric field for breakdown in silicon carbide is approximately 5 x:10% V/cm and since the -
field in the oxide will be about thrice the field in the underlying silicon carbide, the electric
field in the oxide can reach its breakdown strength of 1 x 10 7 V/em at.the'trench cormers, .
as shown in figure 4, leading to rupture of the gate oxide and prematie breakdown of the
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device[1]. Due to these problems MOSFETs cannot be used to reahze the potentral of‘

 silicon carbide as a superior replacement to silicon. Hence; it is important to investigate
other unipolar structures like the JFET and the MESFET shown in figures 5 (2) and 5(b)
respectively. However the fabrication of a SiC JFET is impractical due to the high
energies required to implant the p* gate. The MESFET needs a good Schottky contact to
be formed between the metal and semiconductor in order to achieve good forward
blocking. Schottky rectifiers with high blocking capabilities ( 400 V-1000 V ) and

- reasonably low leakage currents have been reported on both 4H-SiC and 6H-SiC [4-6].
Hence the vertical MESFET ( U-MESFET ) structure was chosen for investigation.

Sl ideal

Mobility

s H__‘_H——A”"//
10 15 — )
st P
10 100 &

200 '
10T - $IC Ideal

. ) 4
10 . 10 10
Breakdown Voltago (Voits)

Speclfic On-Resistance (Ohdl-l:ﬂ!z)
'3

r—r-’

Fig. 3 : Variation of Specific On—reswtance with breakdown voltage and mvers1on layer
mobilities for a SiC MOSFET.
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_ Fxg 4: Electnc F1eld Crowdmg at the trench corner 1n a S1C U—MOSFET can cause
premature breakdown of the oxide layer '
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Fig. 5(a): Cross‘ Section Of a JFET, the gate is formed by P*diffusion or implant into
the N-epilayer.

yd

Schottky . .
contact N-drift region
N+ substrate
Drain .

Fxg 5 (b) : Cross-section of a U-MESFET, the Schottky gate is formed ina trench.
C. U MESFET

C.1 Basic Operation

Fundamentally, the MESFET consists of a bar of semiconductor material whose

'resmtance can be controlled by the apphcatlon of a reverse- bias voltage to a gate region. A

e 4U—MESFET (' metal-semiconductor field effect transistor ) i is shown‘m ﬁgure b). The
gate is a Schottky junction, formed in a trench iri order o 1sdlafe it from the souirce; In the
“absence of a gate bias, that is, with the gate short-' ircuited to the source, the cu ent _‘ﬂow

-7 ‘:between drain and source is limited by the resmtance of the’ hghtly doped N—type reglon A'
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between these current carrying terminals. The N-type region consists of two portions, the
region between the junction gates is called the channel and the region below the junction
gates is called the drift region. The resistances of both these regions add together to
determine the total resistance to current flow between the drain and source terminals.

With the application of a reverse gate bias with respect to the source ( negative
voltage to the gate terminal ), a depletion region forms around the gate junctions and
extends out into the channel. Since the depletion region is devoid of free carriers, the
resistance of the channel region increases with the application of higher reverse gate bias
voltages. By use of the gate junction depletion layer, the resistance of the MESFET can be
altered by changing the reverse gate bias voltage. Thus, the MESFET is a voltage-
controlled device. In the MESFET, the gate bias supply needs to provide only a small

displacement current to modulate the depletion region width, resulting in a high input
impedance. -

C.2 Forward Blocking

The resistance of the MESFET is controlled by changing the channel conductivity.
In a MESFET designed for operation at high drain voltages, it is necessary to include a
wide drift-region. During the application of large drain voltages in the forward blocking
mode, the voltage is supported across the gate depletion layer. This depletion layer
extends down from the gate junction toward the drain. The drift region doping
concentration and thickness should be designed to support the drain-gate voltage, that is,
the sum of the absolute values of the drain and gate voltages, because they combine to
determine the total reverse bias across.the gate Schottky junction. It should also be noted
that the gate-source structure must be capable of supporting the highest gate-source -
voltage. _
In the forward blocking mode, the depletion layers from the gate junctions extend
through the entire channel. The applied reverse gate bias sets up a potential barrier in the . -
channel. For current to flow between drain and source, electrons must surmount this
potential barrier. As the drain voltage increases the potential barrier is lowered and
electron injection becomes easier [7].

C.2.1 Triode like characteristiés of the U-MESFET

The channel length in a U-MESFET is determined by the depth of the trench. In
silicon carbide, due to the slow etch rates, the practical trench-depths are < 3 pum. Thus
for a silicon carbide U-MESFET, the channel length would be typically the same as the
-channel width. For these devices, the potential barrier established in the channel by the
reverse gate bias extends over only a small vertical distance. As the drain voltage is
increased, the drain potential penetrates into the channel and lowers the potential barrier.
At low drain voltages, the potential barrier established by the gate voltage is pronounced
and extends throughout the channel. When the drain voltage is increased, the potential
barrier is pulled down by the drain potential in regions of the channel away from the gate .
region. Electron injection can now occur in these regions. Since the injection of camers'_',,n
across the potential barrier varies exponentially with the barrier height, the drain current _-
exhibits a rapid increase once the potential barrier is reduced. The resulting tnode hke :
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characteristics, that is, drain current continuously increasing with increasing drain voltage,

of MESFETSs with short channel length are illustrated in ﬁgure6[7] Cn

C.2.2 Blocking Gain

An important parameter for devices with triode like characteristics is the voltage

blocking gain. The DC blocking gain can be defined as
Gp = 8 (2)
Vas

where Vps is the maximum voltage blocked by a gate-bias Vis. It is crucial to achieve a
large blocking gain in high-voltage MESFETSs for two reasons ° (1) a higher blocking gain
reduces the gate drive voltage that must be supplied by the gating circuit to achieve any
desired forward blocking capability, and (2) a higher blocking gain reduces the total
voltage that must be supported by the gate junction. The total reverse bias across the gate
junction is given by "

Ve = (Vps + Vgs) = Vpg (Hé) (3)

A large blocking gain reduces the breakdown voltage that must be designed for the gate
junctions. '

—

¥

Fig. 6 : Triode like Output Characteristics Of the MESFET.

C.2.3 Forward Conduction, On-Resistance

The U-MESFET is a normally-on device and conducts current through the channel
when a positive bias is applied to the drain with all the other terminals at zero bias. The
on-resistance of the U-MESFET is the resistance between the source and drain terminals
in the on-state. The on-resistance is an important device parameter, because it determines
the maximum current rating. The power dissipation in the U-MESFET, during the on-state
is given by: : : . R e U R

.. ’PD = IﬁMD = IDzRon (4)
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Expressed in terms of the ch1p area ( A)

P
_ : =] D2 Ron,sp ( 5 )
where (Pp / A) is the power dissipation per unit area; Jp is the on-state current density; and
Roosp is the specific on-resistance, defined as the on-resistance per unit area. For a given
power dissipation the operating current density varies inversely as the square root of the
specific on-resistance [2].

The specific on-resistance of the power U-MESFET is determined by the
resistance components illustrated in figure 7 for the U-MESFET structure. Thus:

Ron=RCS+RN' +RR+RJ +RD +Rs +RCD (6)
where Ry is the contribution from the N* source implant, Ry is the resistive component
just under the source implant, R; is the contribution from the drift region between the
Schottky gates, Rp is the drift region resistance and Rs is the substrate resistance.
Additional resistances can arise from non-ideal contact (Rcs and Rep) between the
source/drain metal and the N* semiconductor regions as well as the leads used to confect
the device to the package. Each of these contributions is described below. :
Substrate resistance: The contribution from the substrate is generally negligible for high-
voltage MESFETs. It can be assumed that the current density is uniform within the
substrate because of rapid current spreading at the drift region interface. The specific on-
resistance contributed by the substrate is then given by:

RS,sp—ps - (7) A _
where p; is the resi.stivity of the substrate and t; is its thickness. Typically Rs,, is of the
order of 1x10™ Q-cm”. e
Source Resistance: The resistance per cm” due to the N* source is glven by:
V pN+LN+ (Wt+w ) (8)

where py. is the sheet resistance of the N* source, Ly is the thickness of the N* contact |

region, W, is the trench-width and W is the mesa-width as shown in figure 7. Typically

RN+,sp is of the order of 1 x 107 Q-cm’.

Rg is the resistance of the region under the N* source and just above the channel and is

given by:
 Re = oD (ta - L- Ly, - Wp)(W, +Wy) (9)

R,sp W
m

where pp is the drift region resistivity, L is the gate length and Wp is the depletion w1dth
due to contact potent1a1 of the Schottky gate. Typically Rg o is in the order of 1x10° Q-
cm?.
Channel Resmtance :The channel resmtance in U-MESFETS is sumlar to the JFET region
resistance in the D-MOSFET [2]. The channel resistance per cm? for the structure {shqwn .
in figure 7 is given by : ' '
' R _ pD(Wt+W )(L+2WD)
TR L (W —2Wp) -
For W, =W, = 1 pm with the channel dopmg of the order of 1x10' cm?, the channel '
resistance is of the order of 1x104Q cm®, : L

RN+,sp =

~ (10)



Drift Region Resistance: In this analysis, the drift region is assumed to begin below the
bottom of the trench as indicated in figure 7. The current spreads from the channel region
into'the drift region. Many possible models for the current spreading into the drift region
can be proposed. One such model that allows a reasonably accurate estimation of the drift
region spreading resistance, is based on the current spreading from a cross-section of ( a =
Wu - 2Wp ) at a 45 degree angle[8]. The current flow paths overlap at a depth Wg / 2
below the trench bottom and the drift region resistance can be modeled as the sum of a
region where the cross-section for current flow increases with depth and a second region
with uniform cross-section equal to the cell-width. This leads to a drift region specific -

resistance given by: _
pp Wi +W, ) | W, —2Wp +W, W,
Rpsp = In + t—ty —— 11
Dsp 2 T Wamaw, | ettt (D
Typically Rp, is in the order of 107 Q-cm?, for a voltage-rating of 1000 V.

Thus the channel resistance and drift-region resistance are the main components
that determine the specific on-resistance of the U-MESFET. '
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Fig. 7 : Cross Section Of the U-MESFET illustrating the vérious components of
On-Resistance. ‘

D. SiC U-MESFET : Numerical Simulations

Two-dimensional numerical simulations of the U-MESFET shown in figure 7 were
performed using TMA-MEDICI to analyze the performance of the device. The electron
drift mobility in 4H-SiC, along the c-axis, is nearly 10 times higher than that in 6H-SiC
[9]. Hence 4H-SiC was used in the simulations as the specific on-resistance will be lower
for 4H-SiC devices. SR s S
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D.1 Design Variations studied using simulations

The blocking gain of the U-MESFET depends on the gate-b1as needed to pmch-off

the channel. A thin channel can be pinched off with a low gate-bias resulting in a high

blocking gain whereas a wide channel will result in a lower blocking gain. In order to
~ study the variation of blocking gain with'the channel width, the mesa-widths (Wg ) of the
simulated structures was varied from 1 um - 3 pm, the ratio W/W,, was fixed at 1 for all
the cases. The N” region doping was varied from 1x10' cm™ - 2x10" cm™, the gate-length
(L) was varied from 0.5 um-1 pm and the trench-depth ( tg ) was fixed at 1.5 um. The
N* implant for source contact was fixed at 0.2 pm . Since titanium is known to form good
Schottky contact to 4H-SiC [4], the simulations were performed with titanium as the
metal for the Schottky gate. This was done by specifying the work function of the metal
contact to be 4.77 eV. A design variation with gold ( work function = 5.3 eV ) as the
Schottky gate was also simulated, in order to study the variation of blocking gain and on-
state resistance with the type of metal used to form the Schottky gate.

- D.2 Variation of potential barrier in the channel

Figure 8 shows the potential barrier in the channel region for a gate bias ( Vgs ) of

-20 V and a drain bias ( Vg ) of 50 V, for the different simulated structures, with
L =1pm and a doping of 1x10'® cm™. It can be seen that for a given gate-length, the
barrier is maximum for the structure with the smallest mesa-width and decreases with
increasing mesa-width. This is due to the fact that the gate-bias needed to pinch off a
smaller mesa-width is smaller. A similar plot w1th L =1pm and Wy, W, =1 pum for two
different dopings of 1x10'° cm™ and 2x10" cm™ is shown in figure 9. It can be seen that
the structure with lower doping has a fngher potential barrier. This is due to the fact that a
low doped channel can be pinched off with a smaller gate-bias. The variation of the

~ potential barrier with the gate-length is illustrated in figure 10. It can be seen that the ,
barrier reduces as the gate-length decreases. The variation of potential barrier in the .
channel for different Schottky contacts ( Ti, Au ) is shown in figure 11. It can be seen that
the Schottky gate with gold as the metal has a higher barrier, this is due to the fact that
gold forms a Schottky contact with a higher barrier height than titanium [4-5] and hence
higher contact potential which results in the channel getting pinched off at a lower gate
bias than that is needed for a titanium gate. Thus the gate-bias needed to. turn-off the

device depends on the mesa-width, gate-length, channel doping and the work function of
the gate metal.

D.3 Forward Blocking Characteristics

The simulated triode-like blocking characteristics for the structures with doping of
1x10'° cm?, gate- length of 1um, with a titanium gate, with the mesa-widths varying from
1pm to 3pmare shown in figures 12(a)-12 (d). Since the doping and ep1-layer thickness is
fixed for all the cases, the forward blocking voltage and the gate bias needed to achieve
the blocking are determined by the potential barrier in the channel region. As is expected,
the structure with the smallest mesa-width ( 1 um ) needs the least gate voltage ( -10V)
to achieve the ratéd blocking voltage of 1200 V, whereas the structure with Wy = 3 um is
able to block only 350 V even with a gate-bias of -100 V.
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Fig. 8 : For a given doping ( 1x10'® cm™®) and gate-length ( 1 um ), the potential barrier in
the channel increases as the mesa-width decreases. Ves=-20V, Vps =50V
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- D 4 Electnc erld Distribution

Y

:'-The three-dnnens1onal electric field dlstnbutrons for the structure ‘with Wy, = lum
and Wy = 1.5 im at a drain bias of 1200 V are shown in figure 13(a) and 13(b). It can be
seen that there is electric-field crowding at the trench corners. This crowding causes
premature breakdown in U-MOSFETs as the field in the oxide will be thrice that in the

semiconductor [1], but the U-MESFET does not have any such problems and is able to
block the rated voltage.
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Flg 13 (b ): Three—Dunensmnal Electric Field Dlstnbutlon at V o = 25 V and Vds = 1200
' V for structure w1th W =1.5 pum and dopmg 1x10‘6 cm’
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Fxg 14 ( a-d ) : The fraction of the channel depleted at zero gate- -bias decreases

with increasing mesa-W1dth resultmg in lower specific on-resistance. The current flowlines

- spread umformly 1n the dnft region resultmg in a low on-resistance, closc to. thc 1dea1
value, for all the structures The dopmg for all the structures shown is 1x 1016 cm and.

the gatc metal is ntamum
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*Structcre# — Ron—sp (Q-cﬁz) R;n.sp ;:'z_cmz)“ T

simulated calculated

1 9.6 x 10 1.1x10°
2 8.6 x 10 9.4x 10*
3 8.35x 10" 8.8 x 10*
4 7.95x 10* 8.6x 10°
5 [4&xi07  [48x107
6 8.75 x 10 9.5x 10*

7 9.3x10* 9.8x10%

*Structure numbers correspond to the same designs as in table 1 '

Table 2 : The specific on-resistance values extracted from simulation agree well w1th the
 values calculated using analytical models.
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F1g 15 : The trade-off between obtaamng a hlgh blockmg gam at the cost of
increased on-resistance.

In order.to obtain a high blockmg gain, 1t is necessary ‘to pmch oﬁ the channel
with a low gaté bias. This can be done by using a smallvmesa-w1dth larger gate-length,
lower doping or a Schottky gate with a hlgher contact po tial. A]l of these result na.
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higher specific on-resistance. The trade-off between obtaining a higher blocking gain at the
cost of increased on-resistance is illustrated in figure 15.

E. Conclusions

It is evident from the above discussion that the U-MESFET is a suitable device to
realize the potential of SiC as a superior replacement to silicon. It was seen that the
structure with the lowest mesa-width (1 pm) has the best blocking gain ( Gg = 120 ) and
needs only 10 V gate bias to achieve the rated blocking voltage of 1200 V. However the
on-resistance for this structure is the highest (9.6 x 10*Q-cm?). Also from a fabrication
point of view, it is difficult to get mesa-widths of lpm. The structure with 1.5 {tm mesa-
width needs 25 V gate bias to achieve the rated blocking voltage, a blocking gain of 48,
and has a Jower on-resistance ( 8.6 x 10* Q-cm? ). While the on-resistance decreased for
higher mesa-widths the blocking gain reduced rapidly and the structure with 3 pm mesa-
width had a DC-blocking gain of only 3.5. Thus the structure with mesa-width of 1.5
1m is the optimum design in terms of high blocking gain, low on-resistance and ease
of fabrication. Fabrication of the U-MESFET however involves filling at least 1.5 pm
deep trenches with metal which is difficult, it is also difficult to obtain isolation between
the gate and source metal which involves extremely critical alignments.
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2. Fabrication of the HJFET

A. Introduction

As discussed in section III, the U-MESFET is an excellent device to realize the
potential of silicon carbide as a replacement to silicon bipolar devices. However,
the fabrication of a U-MESFET involves filling deep trenches with metal which is
difficult. Further, for a metal gate, it is tough to obtain a good isolation between
the gate and the source. In this section, a novel trench gate heterojunction field
effect transistor ( HJFET ) (whose operation is identical to that of the U-
MESFET) is analyzed. The process for fabricating the HIFET is presented. The
HIFET shown in figure 1 has a P*-polysilicon gate instead of the metal gate in the

- U-MESFET. Gate to source isolation is obtained by oxidizing the polysilicon
before the source metallization. The fabrication of the HJFET involves a six mask
level process with no critical alignments.

Source Electrode

7///////

\
\ Channel
\\\ :

N
Hetero;\.mctlon Gate

/////

/

//

\\ DI

N- Drift Reglon

N %Subslrate

o Fig. 1 : Cross-section of the HIFET, the polysilicon gate. is ‘oxidized to obtain
isolation between the gate and source.

" B. Process/Fabrlcatlon Sequence

| The startmg material for the fabrication of the HJFET was a [0001]
oriented N -SiC substrate (~300 pm thick) with an N-ep1tax1a1 layer
(1x 10" em™), with thickness of 10 pm. Two wafers , one of poly-type 4H and

the other of poly-type 6H were used. The baseline process sequence is
schematically illustrated in figure 2.
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(c) After Al deposition and patteming for trench etching

Fig. 2 : Process sequence of the HIFET

B.1 N* implant for the source contact™

The first rnaskmg level was used for nitrogen implantation followed by hlgh
temperature annealing to obtain a shallow (~0.2 m) N* region at the surface for
the source contact. A 0.8 pm thick oxide layer was deposited by CVD .and
patterned by using a buffered oxide etch. A 0.2 pm thick pad oxide was then
deposited by CVD. The nitrogen implantation and armeal were . performed The
conditions were as follows :

* Two successive implants with a dose of 1x1015 cm? and energies of 30 keV
and 40 keV respectively.

* High temperature anneal was performed in a mtrogen amb1ent at 1250 °C for
30 min. to activate the dopants. ,

B.2 Removal of thick oxide

The second masking level was used to remove the entire oxide in areas
outside the area with alignment marks and for certain devices designed with oxide
under the source pad. A 0.2 pm thick oxide was deposned by CVD, to act as etch-

. stop during the poly etch back ( descnbed later ). :



N+ N

N+

(d) After RIE and wet etch of Al mask

oy ' — i
R T O]+

(g) Afer Final Al metallization and patterning

Fig. 2 : Process sequence of the HIFET ( cont)
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B.3 Trench etching and polysilicon refill

. The third masking level was used to define the trench regions. Aluminum
was used as the mask to etch trenches. The Al was patterned using lift-off
lithography. 1.5 pm deep trenches were etched in SiC using RIE. The process used
for RIE etches both SiC and oxide at the same rate and the 0.2 um oxide was
etched in the same step. The RIE was performed at the Microelectronics
laboratory at NCSU and the conditions and the chemistry were as follows :

» Gases used, flow rates : SFg (9 sccm ), O, (1sccm).

¢ Chamber pressure : 50 mtorr

» Cathode temperature : 20 °C

e Power: 120 W

¢ The 17 SiC wafer was placed on the backside of a 47 Si wafer and a Teflon
sheet with a 3” hole in the center was used to cover the aluminum cathode
completely. '

¢ The etch rate for SiC was ~ 150 A /s

It was found that the bottom surface of the trenches was rough, as shown

in figure 3. This could cause the P*-polysilicon / N-SiC heterojunction to have bad
reverse I-V characteristics. :

- Fig.3: SEM micrograph of the wafer surface after trench-ctching showing the roughness
", atthe bottom of the trenches. -
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The Aluminum was then removed by wet chemical etching and 4 pm of
undoped polysilicon was deposited to refill the trenches conformally.” The
polysilicon was then uniformly doped P-type by boron implantation and an anneal
in nitrogen ambient to drive in the implant to get a uniform doping of
approximately 1x10" cm®. The polysilicon was deposited at Philips Research
Laboratories, NY and the boron implant and anneal were done at MCNC. The
conditions for the polysilicon deposition, the boron implantation and drive in were
as follows:

* Polysilicon Deposition : 625 °C, SiH,
e Boron implantation : Energy = 100 keV, dose =2 x 10'° cm™
¢ Drive-in : 1250 °C for 4hr. in a nitrogen ambient.

B.4 Polysilicon etch back :

The fourth masking level was used to protect the polysilicon in the gate
pad regions, before the polysilicon etch back for planarization. The polysilicon etch
back was done using RIE at the microelectronics laboratory at NCSU. The etch
rate for polysilicon was ~1750 A / s and the RIE was done for 27 min. to remove
the entire polysilicon on the mesa regions. The conditions and chemistry for the
RIE are as follows :

e Gases used, flowrates : SFg ( 15 sccm ), O, (5 scem )

e Chamber pressure : 60 mtorr

e (Cathode temperature : 20 °C

e Power: 100 W L
The polysilicon etch was non-uniform across the surface of the wafer, this would result in
variation of the gate-lengths across the wafer surface.

In order to ensure that the mesa region of the silicon carbide does not get etched,
during this step, a 0.2 um thick oxide was deposited by CVD prior to etching trenches.
After the polysilicon etch back, the polysilicon in the trench was oxidized to obtain gate to
source isolation. At this step, it is necessary to ensure that enough of the polysilicon inside
the trench is oxidized such that there is no polysilicon in contact with the N™-SiC in the
mesa region, as this would result in gate to source shorts. Wet oxidation for 2.5 hours at
1000 °C was performed to oxidize the polysilicon. The oxidation rate for SiC is much
lower than that for polysilicon and only 100 A (approximately) of oxide was grown on the
mesa region whereas there was about 8000 A of oxide grown in the trench region. The
wafers were now subjected to an unmasked BOE (buffered oxide etch) dip for 40 s to etch

the oxide on the mesa region, while retaining sufficient amount of oxide in the trench
region to prov1de gate to source isolation.

B.S Contact to the polysilicon gate

The fifth masking level was used to define the contact holes to the P*- polysﬂlcon‘
gate pads. Photoresist was used as the mask and the wafers were subJected to a 13 minute -
BOE dip to etch'away the oxide grown on the polysilicon ( in the previous step ) to open_(_-
contact holes for the gate metal. At the end of the fourth step, polysilicon etch back and
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o oﬁqaﬁQn; 4 pm thick polysilicon patterns for the gate pads were left. The photoresist spun

e on to the wafers could not cover the 4 {im step properly. Hence some of the oxide along

“the sidewalls of the polysilicon pads was etched during the coritact hole etch. This could
- result in'gate to source shorts, since the source metal runs over the sidewalls of the
polysilicon pads as shown in figure 4. -

Trenches

— N*

Polysilico
T o
“Gate
Pad
—_Gate
| (ioﬁtaCt' |

Fig. 4 : Mask Design for the HIFET. The source metal runs over the oxide on the
polysilicon pad, if the oxide at the sidewall of the pad is etched during contact hole etching

it would result in gate to source shorts.
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B.6 M-etélli‘zation

The sixth masking level was used to define the source and gate metal pads. The
patterning was done by lift-off lithography. Negative photoresist was patterned on the
wafer prior to the metallization. Both the front and backside metallizations involved
sequential evaporation of 2000 A of Ti followed by 8000 A of Al

B.7 Edge Termination

The edge termination for the P*- polysilicon / N-SiC heterojunction was designed
to be a Schottky contact followed by an argon ion implant to terminate the Schottky
contact. The argon ion implantation has been shown to be an ideal termination technique
for Schottky contacts [1]. As shown in the mask design in figure 4, the source metal ( Ti)

runs over the oxide on the polysilicon ( grown in step 4 ) and forms a Schottky contact to
the N-SiC surface.

C. Conclusions

The process for fabricating the HIFET is fairly simple and does not involve any
critical alignments. The trench etching in SiC resulted in trenches with roughness at the
bottom. This could cause the heterojunction gate to have a high leakage current. The
polysilicon etch back was non-uniform and would result in variation of the gate-length
from die to die across the wafer. The step coverage of the polysilicon pads by photoresist
~in the fifth ‘masking level was poor and this could result in gafe to source shorts. The

polysilicon should be subjected to an “Gnmasked etch prior to a masked etch so that the
- polysilicon pad is only about 1-1.5 um tthk in which case step coverage could be more
easily achieved.

: References
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3. Experimental Results, Conclusions and Future work

A. Introduction

In this section, the results of the experimental measurements on the HJFET
fabricated on 4H-SiC are discussed. The conclusions from the fabrication and
characterization of the HIFET are presented and suggestions for the future work are
outlined.

B. Experimental Results

As discussed in section IV, in the fifth mask level of the HIFET process, the
isolation oxide was etched away, due to bad photoresist step coverage of the polysilicon
gate pads. This resulted in gate to source shorts. Hence, the triode-like blocking
characteristics of the HIFET could not be experimentally observed. However, the HIFET
showed current-saturation in the on-state due to channel pinch-off, Also the channel
resistivity could be modulated at small gate-bias steps. The specific on-resistance of the
HJFET was very low and close to the expected value.

B.1 On-Resistance

For the purposes of this analysis, the ideal specific on-resistance of the drift-region
could be obtained using a N'/N/N"-test element fabricated in the HIFET process. The
J-Vcurves of this test element and the different fabricated HIFET structures
(at Vos =0 V') are shown in figure 1. The values of Ry, calculated using the measured
resistances are summarized in table 1. As expected the on-resistance of the HJFET
decreases as the mesa-width (Wy,) increases and the trench-width (W,) decreases. The
N'/N/N* structure had an Ronsp Of 1.74 mQ-cm?. The structure with Wy, = 2 pm and
trench-width (W)= 1 um had the lowest Rongp Of 2.43 mQ-cm? and is very close to the
ideal value. The structure with Wy, =1 um and W,=3 pm had an Ronsp Of 9.68 mQ-cm?
which is about 9 times higher than the expected value. These values are 100 times better
than values reported for SiC MOSFETs [1] demonstrating that the HJFET is a very
promising structure for power switch development.

B.2 Forward-blocking :

The HIFET is a normally-on device and needs a negative potential between the
gate and source in order to pinch-off the channel to provide forward blocking capability.
However, due to the gate to source shorts, the device could not be turned-off. Inspite of
this problem, it was found that the HJFET structures with narrow channel widths
(Wm=1-15 um ) exhibited current saturation in the on-state due to the channel being
pinched-off by the drain bias. In addition despite the gate to source shorts, the channel
resistivity could be modulated at small gate-biases (between -0.2 V to 0.2 V). The
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figures 2-4. From these characteristics it can be observed that the structure w1th

B Wa =1 iim saturates at a drain current of 0.01 A, which is much lower than the saturation
current of 0.08 A for the structure with Wy, = 1.5 um.
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‘Fig.1: J-V characteristics to determine the Ru,sp of the different HIFET structures

Curve (#) mesa-width (Wy, pm) | trench-width (W, p.m)- Rousp (mQ-cm?)
1" - - | L4
2 1 +.2.43
3 3 3 . 248
4 2.5 3 2.7
5 2 3 3.38
6 1.5 3 4.1
7 1 1 5.54
8 1 3 -9.68

*Thxs curve is for the N*/N"/ N* test element.’

Table 1 : Ry, Of the different HIFET structure fabncated the curve# corresponds to the ,
- curve in fig.1 ’
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B.3 Measurements on test elements

A hetero;unctlon dxode structure was also fabncated w1th the HIFET structures to
study the properties of the P*-polysilicon / N-SiC heterojunction. The J-V characteristics
of the heterojunction diode are shown in figure 5 demonstrating that the diode shows
reasonably good rectification. However the leakage current density of the diode is quite
high. This could be due to the roughness at the bottom of the trenches in SiC as described
in section IV.

A Ti Schottky rectifier was also fabricated with the HJFET to verify the blocking
capability of the material. This diode showed excellent J-V characteristics and blocked
about 240 V in the reverse direction, which is the expected breakdown voltage for .
untermmated Schottky diodes[3]. The forward voltage drop for the diode was 0.8 V at
100 A/ cm® The J-V characteristics of the Schottky rectifier are shown in figure 6.
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Fig. 6 : J-V characteristics of the Schottlcy diode test element The breakdown for the
untermmated structure 1s ~240V '



C. Conclusions and Future work

In conclusion, the simulations and experimental work performed in this research
indicate that the HJFET is an excellent FET structure to utilize the advantages offered by
SiC over silicon. The process for fabrication of the HIFET is fairly simple and does not
involve any critical alignments. The operation of the HIFET depends on the ability of
P*-polysilicon /N-SiC heterojunction to block large voltages with a low leakage current. It
is also important to be able to etch trenches with smooth side-walls and trench bottom.

~ However, the fabricated P*-polysilicon / N-SiC heterojunction was found to have
poor reverse I-V- characteristics. The heterojunction was formed by depositing polysilicon
in a trench etched in SiC. As discussed in section IV, the trenches etched in SiC were
rough at the bottom. This results in a bad interface at the P*-polysilicon / N-SiC junction
giving rise to high leakage currents. It is important to standardize the RIE process for
etching trenches in SiC so that trenches with smooth features can be obtained. The
properties of the P*-polysilicon / N-SiC heterojunction need to be carefully studied. _

Poor step coverage by photoresist of the polysilicon pad at the fifth mask level
resulted in gate to source shorts, severely hampering the performance of the HJFET. This
problem could be avoided by subjecting the polysilicon to an unmasked etch, prior to a
masked etch at the fourth mask level, so as to obtain a step of only 1 tol.5 pum, which
could be easily covered, rather than a 4 pum step. Alternately, the sixth-mask level ( for the .
metal patterning ) could be redesigned such that the source metal does not run around the

_polysilicon pad thus, eliminating any possibility of gate to source shorts. However in this

case an alternate edge termination would have to be designed for the polysilicon pad.

—
Y
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Abstract: This paper describes ;1 novel planar lateral channel SiC high power JFET
structure. Two-dimensional numerical simulations predict low on-resistances with
e)écelle‘nt current saturation and Qquare FBSOA which have been e#perimentally
confirmed. The fabricated 6H-SiC devices had a low specihc on-resistance of 9 mQ-cm’
at room temperature for a channel dose of 2x‘1013 cm?, This xﬁéasured speciﬁc on-.
resistance is within 3X of the value calculated for the epitaxial drift region (2.5x10" cm®,

10pm) The 4H- SIC J'FETs had excellent current saturatlon up to 1100V even at current
densities as high as 250A/cm . e



Introductwn. Slhcon carblde power MOSFETs thh the UMOS structure have been‘

; recently reported [1-4]. These UMOSFETs suffer from two serious problems (1) the hlgh
| electric field atthe trench corners causes destructive breakdown of the gate oxide at high
drain voltages, and (ii) the extremely low inversion layer mobility [5] results in a higher
specific on-resistance, nullifying the advantage of low drift region resistance in SiC. In
the trench UMESFET structure [6], the low inversion layer mobility problem is
eliminated, but this structure still suffers from the high electric fields at the sharp trench

corners. Further, it requires a sophisticated process to achieve gate to source isolation in

addition to high resolution lithography to allow channel pinch off with reasonable gate

- voltages. SiC lateral JFETs with buried gate contact have been reported by various groups
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[7-9]). These JFETs have low breakdown voltages (<100V) andhave high specific on-

- resistances due to the lack of vertical current flow in these devices. Hence there is a need

to consider alternate SiC FET structures. In this paper, we propose and demonstrate a new

planar lateral channel, vertical SiC JFET structure with low_on-res_i:stanee.'

Device Structure and Simulations: The schematic cross-section of the proposed device

is shown in Fig.1. A lateral channel is formed between the buried p* layer and the shaﬂow

P* surface gate. The thlckness and dopmg of the channel region can be adJusted to create -

either a normally-on or -off dev1ce The normally on device is preferred as it w1ll have a

lower on-resistance. When a positive voltage is applied to the dram with the. gate at zero
bias, current flows from the drain through the gap in the buried P* layer and then thiodgh
the channel to the source . The current ﬂow can be modulated by applymg a negatwe gate

bias to deplete the channel reglon Ifa sufﬁc:lent negatlve b1as is apphed to the gate to

pinch off the charmel;__a potentlal bamer is estabhshed for the flow of electrons from '
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Fig.1 Schemat1c cross-section of the planar
lateral channel SiC vertical JFET.

source to the drain. If the barrier is sufficient enough to stop the electron flow, then 1o -

current will flow even if the drain bias is increased until we reach the avalanche

breakdown voltage. In order to prevent the drain potential from encroaching into the
o channel region and lowering the channel"\;otential barrier, the channcl has to be well

shlelded This can be achieved by reducing the gap between the two P" layers (W,ch)

a .

which also helps in reducing the electnc field crowding at the P+ layer edge thereby 'k

1ncreasmg the breakdown voltage of the dev1ce

Two dimensional numerical simulations of the vemcal JFET structure w1th aio

pm thlck 6H-SiC epitaxial layer with doping concentration of 2x1016 cm? were done

using MEDICI [10]. Since the maximum energy chosen for the P-type boron 1mplant was

400 KeV the maximum channel thickness is only 0. 35pm. This channel thlckness is fully'

pmched off due to the built-in junction potentials if the channel dopmg is same as the

ep1tax1al layer (2x10‘6 em?). In order to make a normally—on dev1ce an N-type channel :

RO

Aimplant is required. Slmulatlons were done with dlfferent N-channel 1mp1ant‘,doses



- rangmg from 1x10" to 2x10" cm®. The sxmulated current flow lmes for such a’device - -
(N-channel dose=2x10" cm 2) is shown in F1g 2. From the ﬁgure it can be seen that the o
current spreads rapidly in the drift region gwmg riseto a umform current flow in the drift
region, thus reducing thé on-resistance. The current spréads muqh faster fhan a 45 degree
angle due to the anisotropy of thg mobility in 6H-SiC. In 6H-SiC, the lateral
(perpendicular to the c-axis) mobility is about 5 times higher than the vertical mobility.
This actually helps us in this device aé, the biggest contribution to the resistance comes :

from the channel which is lateral and therefofe has 5 times less resiétance.
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Fig.2 Simulated current flow lines in the planar 6H-SiC JFET at Vds=1V, Vgs=0V.

.The simulatéd on-state and blocking characteristics are shown in Fig.3 and Fig.4
respectively. It may be noted that the device has low on-resistance and linear on-state
characteristics even at high current densities due to the low channel resistance. - It can be o

seen from Fig.5 that the potential contours are almost flat and that the field crowding ?.t
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4 o
. the P‘ layer edge xs mmlmal giving rise to near 1deal breakdown voltage From the "~ .
blockmg charactertstlcs 1t may be noted that the dev1ce has ¢ a htgh breakdown voltage of

about 1025V and 960V for W,,=2 and 4;tm respectlvely
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Fig.3 Simulated on-state I-V characteristics of the 6H-SiC JFET structure. (Dosev=1el3/cm2 » Wjch=4 tim)
. T
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Fig4 Simulated blockmg characteristics of the planar 6H-SIC JFET structurc
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Fig.5 Simulated potential contours at a drain bias of 900V showing minimal electric field .

crowding at the buried junction edge in the planar 6H-SiC JFET structure. '
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As expected, the specific on-resistance (R,,,) decreased with increase in the dose

as shown in Table.1 .for 6H-SiC JFETS. A similar trend was observed for 4H—SiC devices

also. The breakdown voltage remains almost constant for low values of channel doses but

_ de'creases as the channel dose is increase’c;lébeyend 2x10" cm

2, For a-given N-chani"le‘lﬂ

dose the Rnnsp also decreased with increase in the P* layer spacing (W,ch) for both 6H—

and 4H- S1C JFETs. However the breakdown voltage decreased shghtly w1th mcreasmg"

Wi due to higher electric field at the corner of the buried P* layer. Thus there isatrade-

off between reducmg the R,,, and increasing the breakdown voltage by varylng WJch

Weell W jch Channel Ron,sp BY
pm pm implant mOhm-cm? Volis
Dose fem?
x 10"

23 4 1.0 28.7 957

23 4 1.4 19.1 955

23 4 2.0 13.8 948

23 4 10 7.0 9501

21 2 1.0 28.9 L1023

21 2 1.4 20.5 1022
DY 21 2 2.0 o 15.4 1018
21 2 10 9.3 962

Table.l Effect ofN channel dose and WJCh on the
"6H-SiC JFET param eters



Devzce Fabrtcatzon' .The devxces were fabncated on both 6H- and 4H SxC thh 10pm -

- thick N-type homo epttaxxal layers grown on N substrates The epllayer doping

concentration was 2.5x10' cm? for 6H-SiC and 1. 6x10l6 cm® for 4H SIC A 9 mask
process with 2um design rule was used. The buried P* layer was formed by boron

implantation at 380 KeV (dose-lxlO” cm’) followed by mult1p1e lower energy boron

implants at the pad area so that contact could be made to the buried layer A shallow 10

KeV boron implant (dose=1x10" cm)" was used to form the upper P* gate region. The

N" source regions were formed by nitrogen implantation (40,100KeV, 8x10" cm®). Three

different N-channel doses of 1x10'?, 1x10‘3 and 2x10‘3 cm? wlere used to study the effect

of N-channel dose on the device characteristics. All 1mp1ants were annealed at 1400 °C in

argon for 30 minutes. Al ohmic contacts were made to the P* regions using RTA at 900 *

°C for 60 sec. Ti/Al was used for ohmic contacts to the N* source and drain regions.

Experimental Results: All the devices weré characterized using a computerized Keithley

model 251 system at room temperature.-All the JEETs except those which received '10‘2 .

cm” dose N-channel implant exhibited pentode-like characteristics with excellent on-

tesistance and good saturation characteristics. The devices with 1x10” cm? dose N-

channel implant were normally-off and had very high on_-resistanse due to the absence of

a conducting channel. The on-state performance of these devices could not b.e impro'ved
even by applying a positive gate bias since the maximum positive gate bias was limited to
about 3V, beyond which the gate current increases rapidlyv Hence only the results
obtained on the 1x10" and 2x10" cm™ dose devices are Teported below Smce the devices

on 6H-SiC and 4H-SiC had dlfferent characteristics, they are dlscussed separately

EoN



'received. the 'diffefcnt doses of N-channel ifﬁplﬁnté ;clre shown mFxg6 (a) énd :(b); ‘.It can
be se.en' that the devicés are normally-on with very good.conducti‘o_n at zero gate bias..'
They had excellent specific on-résiétance of 11 mQ-cm? for channel dose of 1x10' cm
and 9 mQ-cm? for channel dose of 2x10" cm™, These measured v;lues come close to the
specific on-resistances obtained fr.om simﬁlgtion of 7 mQ-cm? for a dose of 1x10" cm?

and 6.3 mQ-cm? for 2x10 cm? . It is worth pointing that the ideal R

: 2
onsp 15 3.2 mQ-cm

(for 10pm, 2.5%10% cm® doped epilayer) and hence these fabricated devices have specific .

- on-resistances within 3X of the ideal value. The géte bias could modulate the drain.

6H-SiC JFETs: The on-state I-V characteristics of two typical 6H-SiC devices which "

current well by pinching off the channel for the devices which received a channel dose of '

1x10" cm™. However, the gate bias had only little control over the drain current on those

which received a channel dose of 2x10' cm? due to the higher channel doping.
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Fig.7 (a) and (b) The dev1ces had low on—reslstance followed by excellent saturatlon as

predicted by simulations. It may be pointed out that .though the devices with lower
channel doping showed better gate control, they could not be taken to the blocking mode

- because the gate to source junction breaks down at about -60V due to the high channel

doping.
05 " s
Devu:eHJJl'llbl Vg-ov Dovice 923517101 vgov
[= = 0w Y -100
04 30V 04r :

b Less gate control due to highly doped N-channel
» Could not pinch off the channel completely

o ] ] (] (]

2

+ Less gone covarol due to highly doped N-chamel
+ - * Could nx pinch ofF the chanel conrpletely

0 20 4 . @ 10 12 e e e ® 130 120

' Drain Voltage, V " Drain Vohogs, V . .
Fig.7 (b) Measured output characteristics of the : Fig7() Measured output characteristics of the
6H-SiCJFET (dose=2e13/crr?) 6H-SICJFET (dose=2e13/cn?)

4H-SiC JFETs: The on-state I-V characteristics of two typlcal 4H SlC dev1ces wh1ch

received the two dlfferent implants are shown in Fig.8 (2) and (b) They had low spemﬁc

on-resistance of 14 mQ-cm” for channel dose of 1x10" cm? and 11 mQ-cm? for chanhel

dose of 2x10" ¢m™. Calculations show that the ideal Ronsp 18 0.42 mQ-cm? (for 10pm,

16x10’6 cm® doped epilayer) and hence the specific on-resistance of the fabricated
devices is much hlgher (~30X) than the ideal value The 4H—ch JFETs exh1b1ted better

gate control for both N channel implant doses when compared wlth the 6H SIC dev1ees

: - - 53
The output charactenstxcs of the 1x10u and 2x10“ cm' dose devices are shown in .



Flgures 9 (2) & (b) shows the output charactenstlcs of both the lxlO" and 2x10"

" em? dose devxces The devxces had low on—re51stance followed by excellent cuirent

Device #5320l
| Ronsp=14 Q-

oy

Fig.8 (a) Measured on-state I-V characteristics of the

4H-SiCJFET (dose=

lel3/crr?)

T30

V=0V

v

Device 454231

30, 40V

g3t Vig= 4N
/lg'raxdcuA

0 2‘10 400

eno &30
Drain Voltage, V

100 120

Fig9 (a). Measured oufput characteristics of the JFET
- fabricated on 4H-SiCshowing excellent current saturation

with BV>1100V.
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0s T'm\l
0s Ves=ov
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30V
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) / lg'rax<04ml
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Fig 9 (b) Measured output characteristics of the :

4HSICJIFET (dose=2el¥cnr?)

‘saturation characteristics. For one device which received a channel dose of 1x10" cm™?,

the saturation current was below 100mA (the maximum limit on the high voltage

measurement equipment) and theref_ere the drain voltage could be increased up to 1100V. ; . .

54

" Fig.8 (b) Measured on-state I-V characteristics of the .

It can be seen from the output charactensncs Fig. 9(a)) that the dev1ce had excellent,\!‘ .

saturatlon up to 1100V 1ndlcatmg a wide FBSOA. It may be pomted out that though the

dev1ce_s”had the expected c_:haractenstlcs with good gate contrc)l, they could not be taken_ .' ) |
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to the blockmg mode because the gate to source Junctlon breaks down at about 50- 60V o ;

" Adue to the high channel dopmg

Conclusions: Planar .higb voltage létefal channel verfical SiC JFET devices with low
epeciﬁc on-resistances (wifhin 3X of ideal) were" proposed and experimentally
demonstrated. It may be pointed out that the on-resistance decreased with increasing N-
channel dose for both 6H- and 4ﬁ-SiC. Excellent current saturation up to 1100V was
measured at current densities as high as 250A/cm? on 4H-SiC JFETs. These devices may

* be of interest as high voltage current limiters. Even though the devices had good on-state

and saturation characteristics, they could not be completely pinched off due to premature

breakdown of the gate junction at about 50V. By comparing the characteristics of the

devices with the different doses, it is evident that the lowest dose device had poor on-state

characteristics whereas the higher dose devices had poor blocking characteristics. Hence

a dose lower than 10” cm’ 2 but higher than 40" cm? should. give us the best comprom1se

between on-state and blocking charactenstlcs
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The I"‘lé’hai"'lga.tgral-Chanﬁélﬁl:\"IESI*_‘EfI‘- A New SIC Vertical Power -
o B S Devme : .
Praveen M. Shenoy and B. Jayant ﬁaliga
Power Semiconducéor Research Center

North Carolina State University, Raleigh, NC 27695-7924

Abstract: A hovel planar lateral channel SiC MESFET structure with vertical current
flow in the drift region is pf‘caposed and demonstrated by modeling and fabrication. The
. normally-on devices fabn‘cated ‘'with ‘high channel implant doses | had a low vro'om
tempAerah‘lre _speciﬁc_ on-resistance of 13 mQ-cm? and 11.2 mQ-cm? for 6H-SiC and 4H-
SiC MES“FETs, respectively but poql;?lgreakdown \"oltage (415V). The normally-off
devi;:es fabricgtgd Witﬁ low channel doscs had high brealcdowﬁ voltage (~500V), but poor. |

on-state resistance.
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Introductzon. The specrfic on-res1stance of smcon carb1de power -FETs have been‘;
prOJected to be far supenor to thelr s111con counterparts due to the hxgh breakdown ﬁeld |
strength of SIC [1] Most of the research on silicon carbide power switches has been
focused on the UMOSFET structure due to the inability to form diffused junctions in SiC.
These UMOSFET s suffer from two serious problems: (i) the high electric field at the
trench corners causes destmcti;/e breakdown of the gate oxide at high drain voltages, [2]
and (ii) the extremely lo'w inversion layer mobility [3] results in a higher specific on-
resistance, nullifying the ad\rantage of low drift region resistance in SiC. Recently, high
voltage SH-SIC UMOSFETs were reported [4] which can block up to 1100V (<4o% of
ideal vap) However, due to low inversion channel mobility (1 5 cm’/V.s), these dev1ces
had very high spec1ﬁc on—res1stance of 433 mQ-cm? (at 300K) which is 125 times hlgher
than the ideal calculated epllayer specrﬁc on-resistance. The problems of high electric
field in the gate oxide and the low chanf@l (mverswn layer) mob111ty have not been fully
addressed in this dewce A device that eliminates the low inversion layer moblhty |
problem is the trench UMESFET structure, [5] but this structure still suffers from the
high electric fields at the sharp trench comers. Further, it requires a sophisticated process
to achieve gate to source isolation in addition to high resolution lithography to altowv
channel pinch off with reasonable gate voltages; Hence there is a need to create alternate

SiC FET structures. In this paper we propose and demonstrate a new planar lateral

channel, vertlcal SiC MESFET structure

Device Structure and Simulations: The schematic cross-section of the proposed device

is shown in Fig.1. A lateral channel is fonned between the buned P* layer and Schottky

K

gate on the top surface. The thickness and dopmg of the charmel reglon can be adjusted to




: s9
create exther a normally-on or -off device. The normally-on dev1ce is preferred as 1t W111

have a lower on-resistance. When a positive voltage is apphed to the dram wrth the gate i
at eero bias, current flows from the drain through the gap in the buried P* layer and then |
through the channel to the source. The current flow can be ‘modulated by applying a
negative gate bias to deplete the channel region. If a sufﬁcient negative bias is applied to
the gate to pinch off the channel, a potential barrier is established for the flow of electrons .
from source to the drain. If the barrier is sufficient enough to stop the electron flow, then
no current will flow even if the drain bias is increased until we reach the avalanche
breakdown voltage. In order to prevent the drain poten'riel from encroaching .in to_jtﬁe
che.nnel region and lowering the channel potential barrier, the channel _hae to be V;/ell_ll
shielded. This cen be achieved by reducing the gap between the t.wo P* 'layers .(W’,ch)A

which also helps in reducing the electric field crowdmg at the P+ layer edge thereby

‘increasing the breakdown voltage of the device.

Source Schottky Gate

Draln

Fig.1 Schematic cross- secnon of the lateral channel
vertical MESFET.
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Fig.2 On-state current flow lines in the 6H-SiC
MESFET structure. Vg=0V, Vd=1V,.

Two dimensional numerical simulations of the vertical MESFET stru'ctur‘\ei witha

10 pm thick 6H-SiC épitaxial layer (N_=2x10'¢ cm®) were done using MEDICI. Siriéé the

maximum energy chosen‘forv the P-typé boron implant was 400. KeV At’l\le ma.x1mum 0

channel thlckness is only 0.35pm. This channel thickness is fully pmched off due to the

built-in junction potentlals if the chem.n;:lw doping is the same as the ep1tax1a1 layer (2x1016 )

cm 3) In order to make a normally-on device, an N-type channel 1mplant is reqtlured

Simul‘ations were done with different N-channel implant doses ranging from 1x10" to

2x10° cm®, The simulated current flow lines for such a device (dose = 2x102 cm‘z). are

shown in Fig.2. From the figure, i‘.c can be seen that the current si;reads rapidly in the drift

régién giving rise t6 a Liﬁifo;m cm:}”en't flow in the drift region‘,uthﬁs ;:educing the on-

resistance. The current spreads triuéh faster than the usual 45 -dé'gre”’e: angledue to tﬁe
anisotropy of the mobility. in 6H-SiC. In 6H-SiC, the lateral (perpéndicullarmto the c;’éxié)

"mob1hty is about 5 times hlaher than the vertical mob111ty This actually helps us in this .
,devme as the b1ggest contnbutmn to the resistance comes from the channel whlch is

Y-S

lateral and therefore has 5 times less resistance.
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Fig.3 Simulated on-state IV characteristics of the Fig.4 Simulated output characteristics of the 6H-

6H-SiC MESFET structure. (Dose_=1.“tel2/cmz sic MESFET structure. (Dose=1.4¢12/cm? WJCh——

Wich= 4um) | o ” 4um)

The simulated.on-state aad output characteristics are shown in Fig3 and F1g4
':;espactively. ‘It may be nbted that the device has low on-resistance and liriear_onTState
charactenstlcs even at high current densmes due to the low channel resxstance From the
output charactenstlcs it may be noted that the devme has a thh breakdown voltage of

ETGN

_about 955V and a square FBSOA wh1ch is h1gh1y desirable for a power device.
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Weell | Wich Channel Ron,sp - BV
pm pm implant mOhm-cm® | Volts
' Dose /em?.: -
23 4 1E12 239 957
23 4 1.4E12 16.3 955
23 4 2E12 125 943 .
23 4 1E13 6.8 901
21 2 1E12 24.0 1023
21 2 14E12 17.6 1022
21 2 -2E12 14.1 1018
21 2 1E13 9.0 962

Table.1 Effect of N-channel dose and Wjch on
the 6H-SiC MESFET parameters

As expected, the specific on-resistance (R,,,) decreased with incifease in the |
dhannel implant dose as shown in Table.1 for 6H-SiC MESFETS. Due to higher electron
- mobility, 4H-SiC devices had lower (<3X) spemﬁc on-resistance than their 6H—SICA
counterparts (4mQ -cm’ versus 12.5mQ-cm? for a channel dose of 2x1012 m). As the
‘channel dose is 1ncr¢ased, the gate voltage required to pinch off the chamel alsov
increases, fof example - a -10V bias is sufficient for a 2x10"? ¢m™ dose whereas a -50V
gate Bias is required when the dose 1s at 2x10" cm®. The bgéékdoyn voltage .'re.mains
'almqst constant for low values of channél doses but déé'r.e“afses as the channel dose is
" increased beyond 2x10'? e, For 2 given N—channel dose, th:e ;It{é,,lsp also decreased vsdth
increase in the P* layer spacing (W,,) for both 6H- and 4H-SIC devices. However the
breakdown voltage decreased slightly with increasing W, due to highervdl.ectric ﬁeld at
the corner of the buried p* layer The sunulated dev1ces had good blockmg charactens’ucs

w1th a breakdown voltage of about 1020V and 955V for WJch 2 and 4pm respectwely
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Thus, there is a trade-off between reduclng the specific on-resxstance and increasing the

| breakdown voltage by varying W,c,,

:Device Fabrication: The devices were fabricated on both 6H-'an.d 4H-SiC with 10pum
- thick N-type homo-epitaxial layers grown on N* substrates. The epilayer doping
concentration was 2.5x10" cm® for 6H-SiC and 1.6x10" em™ for 4H-SiC. An 8 mask
process with 2pm design rule was used. The buried P*.layer was formed by boron
implantafion at 380 KeV followed ‘oy multiple lower energy boron implants at the pad
area so that contact could be made to the buried layer. The N source regions were formed
by nitrogen implantation .(dose=1.6x10‘s cm). Different N-channel doses in the range of
.1x10‘2 to 2x10"” cm? were used to study the effect of N-ehannel dose on the device
characteristics. All implants were annealed at .1400 °C in argon for 30 minutes Ai ohmic
contacts were made to the P* regions using RTA at 900 °C for 60 sec. Ti/Al was used for

f'r-

ohmic contaots to the N* source and "drain regions and sunultaneously to form the

Schottky gate contacts to the N regions to reduce process cor’n’plexny.

6H-SIC,
Dose={el2
5 L

S
T

N
T

Vgsi=0

Drain Current, uA
[A]

-
Y

Vg -10

0

0 150 200 - 300 400 660 . 600
- Drain Voltage, A\ .

Fxg 5 Output characteristics of a typical 6H-SiC

MESFET with N- channel dose of 1e12/cm“ ’
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3 Experzmental Results:  All the dewces were charactehzed usmg a Keithley model 251
' system at room tetnperature The dev1ces Wlth Iess than 2x10u cm® dose N-channel
implant were normally-off as shown in Flg.S and had very high on-resistance at zero gate
b1as due to the absence of -a conducting channel. The on-state performance of these
devices could not be improved even by applying a posmve gate bias since the maximum
positive gate bias was limited to about 2V, beyond which the gate current increased
rapidly. However, the devices with high N-chennel doses heyond 1x10"” cm™ had' good
on-state conduction characteristics. Hence only the fesults obtained on the 1x10" and

2x10" cm? dose devices are reported below. Since the devices on 6H-SiC and 4H-SiC

.. had different eharacteristics, they ‘are.d'iscussed separately.

j00F  SiCy (6 Beasie , " g0t SiCH(6H) 43e251c
Dese=2¢13 -~ 10 f:i-(lt?s
80r - ’ / ’
[: Vev SE $e v
§ sof Vgs= SV ] €0
; 8 -
£ 40p £ 4or
g
& : & o .
20F i . . E ‘ 20} R A
o : Ron,sp=13mQ-cm? . Ron,sp=14.8mQ-cm*
0 ol 1 1 1 1 5 0 " 2 1 1 L
o -1 2 3 4 5 6 . 0 42 .3 4 5. 6
Drain Voltage, V ) ' S DRI

- Drain Voltage, V
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6H-SiC MESFETs: Figures 6 (a)' and (b) show the on-state I-V characteristics of typical
6H-SiC devices fabricated using channel implant doses of 1x10" and 2\x1,0‘_3, cm™. It can

be seen that the dev1ces are normally -on with very good conductlon at zero gate b1as

They had excellent specxfic on-remstance of 14.8 mQ- cm for channel dose of 1x1 O’3 cm

" and 13 mQ -cm’ for channel dose of 2){10‘3 cm? It is worth pomtmg that the ideal Ron )



65
3.2 ’mQ-cm‘2 (fof 10pm, 2.5x10' cm™ doped epilayer) and hence the speci.ﬁc "ohe |
resistance of the .fabﬁcated devices is only 4X higher than fhe ideal value. The measured
specific on-resistance is higher than the ideal value due to the contributions from the
cﬁannel, JFET and substrate resistances, of whieh the channel is the most significant and
can be reduced by increasing the channel dose. It may be noted that the on-resistance
decreased with increasing N-cl';annel dose as expected. However, it was observed that the
gafe bias had only little effect on the ‘drain eufrent for these devices fabricated with high -
channel dose and fhese devices could not be taken to the blocking mode. It was found that
the gate contact was very leaky under revetse bias, as shown .in Fig. 7 which made it
1mpossxble to pmch off the channel. We beheve that the high dose channel implants |
.increased the surface concentratlon at the Schottky interface resulting in high reverse
leakage currents for the Schottky junction. Attempts to pinch off the channel by applyipg
negative bias to the}buried P* gate wereunsuccessful due to the metal gate act-ing‘ as a
channel bypass for current conduction. Thus even though, we were able to get ekc‘el_lent
on-state conduction with the higher doses as expected, the blocking characterist_ics‘were
severely comp.romised. High channel doses are required to get good on-state conduetion,
however ﬂ’llS results in increasing the surface concentration at the Schottky gate contact
leading to a leaky gate. The gate leakage current can be reduced by using a high barrier
(>1eV) Schottky contact metal to fo_rm the gate contact. This will result in lncreased

process complexity as a multiple metal process may have to be used to achieve this.’

4H-SiC MESFETs: The on-state I-V characteristics of two typical 4H—SiC_ devices

fabricated with two channel implant doses are shown in Fig.8 (2) and (b). It can bé seen
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that both the dev1ces are normally—on with good conductlon at Zero gate b1as They had

low SpeCIﬁC on-re51stance of 12.8 mQ-cm for the channel dose of 1x10” em’ a.nd 11 2

mQ-cm? for the channel dose of 2x10" cm™. Calculations show that the 1dea1 Ronsp 1s 0.42

~ mQ-cm” (for 10pum, 1.6x1 0‘6, cm™ doped epilayer) and hence the’s"peciﬁc on-resistance of

the fabricated devices is much higher (~30X) than the ideal value. Good gate control was

observed on the devices fabricated with channel dose of 1x10" cm® as shown in Fig.8(a).

HoWever these devices 'eould ~block 'only'15V due to the'bfeakdown of the Schottky

‘diode between gate and dram at about 25V as shown In Flg 9. For the devxces Wthh had

the h1gher (2)41013 2) dose 1mplant the gate had httle control over the dram ourrent due
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to the higher channel concentratton These devxces could not be taken to the blocking

mode of operatlon as ‘the Schottky gate breaks down at around 20V even bcfore the

channel could be pinched off.
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Fig.9 The I-V characteristics of typical Gate to Source
and Gate to Drain diodes on 4H-SiC MESFETs.

Conclusions: Planar lateral channel SiC MESFETs with low spéciﬁc on-resistan}cesvv’/ere
' _proiﬁésed and experimentally demonstrated. The on—reéistance decreased with incréasing
N-channel dose for both 6H- and 4H-SiC devices. Even though increasing the cﬁaririel
dose improved the on-state characteristics, the blocl;ing'voltage feduced signiﬁcantly.
This shows that the channel has to be optimized very carefully to'obta;l‘n gdéd il'orwarcifl'
conduction and blocking '6hafacteﬁstics. Gate controlled current saturation was observed .
on 4H-SiC MESFETs with 1x10" cm™ dose channel implant, though the device had low
blocking voltage. The high channel dose devices on both 6H- and 4H-SiC wafers had
" good on-state characteristics, but they could not be turned off due to the leaky Schottky
gate Junctlon By comparing the charactenstlcs of the dev1ces with the different doses, it
. is evident that the 1ow dose dev1ces have poor on—state characteristics but good blockmo

| fchara,ctenstlcs wher_eas the hlgher dose dev1ces had exc;ellent von—state drops but 'pqorﬁ ‘
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blocking characteristics; This shows that the value of N-channel dose is critical and a
dose between 10" and 10" cm™? is required to give the best compromise between on-state

and bloc_:king characteristics. -
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Abstract: This paper discusses the optimization of the planar 6H-SiC ACCUFET structure based
upon analysis, simulations and- expenmental results. Two-dimensional numencal simulations
demonstrate that the maximum electric ﬁeld in the gate oxide can be kept below 3.5MV/cm even

at the maximum blocking voltaoe of 1500V, by proper device design thereby ehrmnatmg the

oxide rupture problem seen in SiC UMOSFETs. The trade-off between specific on-resrstance and -

the maximum gate oxide electric field is obtained using simulations. The fabncated 6H SiC
unterminated devices had a blocking voltage of about 350V with a specrﬁc on-resistance of 18

mQ -cm’ at room temperature for a gate b1as of only 5V. This measured specrﬁc on—resrstance 1s

within 20% of the analytically calculated and srmulated Speciﬁc on-resrstance for the ‘'same

device. High temperature measurements show that the th:eshold voltaoe decreases with

temperature and the accumulation channel mobility (~125 cm m’/V.s) i is -almost 1ndependent of

temperature. The specific on-resistance exhibited positive temperature coefﬁment as opposed to

the undesirable negative temperature coefficient observed on prevrously reported h1°h voltaoe

~Sic MOSFETs
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L Introduction - T - B
Silicon carbide power MOSFETs have a strong advantage over those made in silicon beE'euee V
‘the drift region can be thinner and have higher doping (for the seme voltage rating) due to the -
higher breakdown electric field of SiC [i]. This translates into a 100 times lower specific on-
resistance for SiC MOSFETSs as compared to their Si counterparts. It has been shown that the
MOS interface formed. along the trench side walls is inferior to that formed on the Si-face of 6H-
SiC [2] resulting in lower inversion layer mobilities along the trench side walls. This results in a
high specific on-resistance for SiC UMOSFETs [3]. Another problem with the SiC UMOSFET is
‘the gate oxide rupture caused by the mghef electric. fields in the SiC drift region. This problem is
aggravated at the trench corners leading to catastrophlc failure of the gate oxide at h10her drain
voltages [4], thus restnctmo the maximum operat1n° voltage to less than half of the ideal
breakdown voltage. All these obstacles have resulted in the fabricated SiC MOSFETs having
speciﬁe on-resistances much higher than the ideal drift region values. Rece_ntly, high voltage 4H-
SiC UMOSFETs were reported [5] which canblock up to 1100V, However, due to lew invefsien
channel mobility (1:5 cm%V.s), these devices had very h1gh speciﬁc on-resistance of '433 mQ-
cm’® at 300K which is 125 times higher than the ideal calculeted epitaxial layer speeiﬁc 6n—
resistance. DIMOS transistors Aon 6H-SiC _with aBV of 760V and a speciﬁc .on-resivstanc_e_':_‘oti 125 .
mQ-cm’, which is 11X higher than the ideal value of the drift region,‘ have also been teported [6] :
The problems of high electric field in the gate oxide and the low channel (inversion _layer)
mobility have not been fully addressed with this structure. It is well known t_het, “the
accumulation layer mobility is much higher than the ihversiQ'n layer mobility in silicon. ﬁence,
assuming that the same applies to SiC, the low inversion channel mobility .probler"n’ caﬁ be
: av01ded if we use an accumulatlon channel preferably on the Si-face. In a prev1ous paper, we.'

have ‘proposed and expenmentally demonstrated a planar vemcal SiC ACCUFET structure '
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which ehmmates both the problems of premature oxide breakdown and low i mverswn channel -

moblhty [7] In this paper, the design and optimization of the 6H-SiC ACCUFET is discussed

‘based upon analytical models, simulations and expenmental results,”

Lch
MOS Gate -
pobeoss’s

T

AN RN
Drain .

Fig.1  Schematic cross-section of the planar accumulation channel SiC vertical MOSFET.

The bu;ied P" is shorted to the source in the third dimension.

| II. ‘De{/ice'Structure and Operation
The basxc structure of the planar ACCUFET is shown in Fig.1. In this structure, a thm N-type
regxon is formed below the MOS gate by using a buried P+ irnplantecl layer result1n° in an

accumulation channel FET. If the threshold voltage of the ACCUFET (Vu ) is deﬁned as the

gate voltage at which the bands are flat at the Si0,/SiC interface, it can be expressed as:

vm': Vbi - Vp - Vn + (bms - Qox/Cox (1)
where Vy,; is the built in voltage of the P*-N" junction, V, and V, are the _volgage' d.rops__i_n-the“ p*

and N" regions due to the band bending caused by the built in potential; ¢nms is the difference in

the metal and semiconductor work functions, C,, is the oxide capacitance, and Q,_, i«s-.th?;ﬁx,?d R
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oxide charge A positive threshold voltawe ensures that the devme w1ll be normally-off and this

can be achleved by varymg the dopmg concentratlon and thxckness of the N layer above the
buned P* layer._For a given doping concentratlon, the maximum thxckness, (twm) of thlS N"layer
(to get a normally off device) can be derived by setting the condition that the threshold voltage is

= 0V. Using this criterion, we get the following expression for t

.
amax ¢

2¢ | .
(Vb‘+¢m o ) qND(li%) _. @

where Ny and N, are the donor and acceptor concentrations in the N° and P* regions. Thus, the
thickness and doping of this N' layer have to be carefully chosen such that it is completely
depleted by the bu11t—1n potentlals of the P/ N junction and the MOS gate at zero gate b1as
resulting ina normally off device. | .
In the ACCUFET structure, wheh the gate bias is zero, there is no path (chanhel) for the
conduction of electrons from the source to the dra1n and the entire drain voltage is supported by
' the reverse b1ased P*/N-drift Junetlon Since this P*/N junction can support hlgh voltaoes [8] the
~device is expected to have a hlgh breakdown voltave In the blockmo mode of operatlon the '
channel potential barrier created by the built-in potentials of the PN junction and the MOS 'gate .'
pre\'/ent' any current conduction. In order to prevent the drain p’otehtial from encroaching into the -
channel region and lowering the channel potential barriet, the. channel has to be Well shielded.
| This can be achieved by reducing the gap between the two P* tayers (W,ch) whieh'fesuItS'ih the
merging of the depletion regions from the two P* 'layers at a low draih voltage and shielding the
channel region from high drain volt.ages‘ Decreasing W), also helps in reducing.the electric 'ﬁeld

in the gate oxide and the field crowding at the P* layer edge thereby increasing the breakdown

voltage (BV) of the device.
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When a posmve gate bias is apphed an accumulatxon channel (of electrons) is created at the

SlOJSlC mterface Thxs results i in a low re51stance path for the electron current flow from the
source to the drain. Assuming that the hlgher accumulatlon layer mobxllty (as compared to the
inversion layer mobility) observed in sxhcon apphes to silicon carblde also, a lower on-resistance
is expected for the planar ACCUFET. As discussed earlier, decreasing W, is expected to reduce

the maximum gate oxide electric field and increase the BV, However, when W,,, is decreased,
the cross-sectional area for current flow from the channel into the drift region decreases and this

will result in an increase in the specific on-resistance of the device as will be explained in the

following section.
Modeling of On-Resistance
The on-resistance of the planar ACCUFET is the total resistance between the source-and

drain terminals in the on-state. The on-resistance is an important device parameter because it

determmes the maximum current rating and the on-state voltace drop The total on-resistance of

the SiC ACCUFET is givenby: T
Ron = Ron,sc + Ronn® 4+ Ron,en + Ron.j + Ron,d + Ron,s + Ron,de | ‘ | o (3) .

where R, ,. is the sourcé contact resistance, R, .* is tﬁe contribution from the N* source region,
Rynen is the accumulation ch@ngl resistance, R,,; is the contribution from the drift region

between the two P* layers, Rq,q is the drift region resistance, R,,, is the substrate resistance, and
R,, 4 i the contribution from the drain contact. In a typical high voltage device, the contriiaution .

from R, is generally negligible due to the high doping and can be ignored.

The accumulation channel resistance is dependent on the charge in the acéumulation layer

and the moblhty of the free carriers at the accumulated surface. The accumulatlon channel

remstance is givenby .



Ron,t{"—ﬁm oxc o td) L ». ' . o - . B X : v (4)

where Lch is the channel length Ko, is the accumulanon channel mobrhty, Z is the channel width,

VG is the gate voltave and V is the threshold voltaoe of the ACCUFET.

Under the assumption that the voltage drop along the vertical direction in the gap between
the two P’ layers is small enough not to change the depletion layer width, the resistance of the

 JFET region (R,,) can be calculated by finding the undepleted width (b) through which the

current flows.

ot | .
Ron.j—- q#zNDZb ‘ - (5): .

b=WJch;‘2 ’qN Vb« | o (6)>

where t, is the thickness of the buried P* layer, Ny, is the epilayer doping concventration;‘ and p, is

the electron mobility in the vertical direction.

To analyze the spreadlnw re31stance of the dnﬁ reglon (Rmd) thednft reglon;ls“ assurned :
to begin below the bottom of the P layer The current spreads from the IFET reg1on 1nto the drrft -
region. The moblhty amsotropy [9] in 6H SIC leads‘ to excellent current spreadrng because the‘ 4_
mob111ty in the lateral d1rect10n is 4.8X hlgher than that in the vertrcal dlrectlon. We have found -
that a reaISOnably accurate estimation of 'thef drift r'eé,ien sbreading reeistance can be ohtailn}edb by
assuming that the current ‘spread_s ﬁorn a crose-sectiOn of width b at anangle glven hjly"tan"‘(y4:;8)
(=78.2°). The current flow paths overiap at a depth of W/4.8 below the P* layer and the drift
| reglon resistance can be modeled as the sum of a regron where the cross-sectmn for current ﬂow -
increases W1th depth and a secend reg1on w1th muform cross-sectlon equal to the cell-w1dth"

W, This leads to a dnft region spreadmg re51stance gwen by:
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_" 1 'b+2WP
Rond = 9.6q/:NpZ 1“[ b ] - QuNoZWea . : @

where t, is the thickness of the drift region below the P* layer and W, is the width of the buried
P* layer as defined in Fig.1.

The contribution from the N* substrate is given by:

Ron.: = ﬂtx

®
where p, is the substrate resistivity and t, is the substrate thickness. For commercial 6H-SiC

substrates, the lowest substrate resistivity currently available is about 0.1Q-cm. The specific
substrate resistance for a typical substrate thickness of 300um, will be 3mQ-cm® which forms a

significant part of the total device specific resistance of a typical 1000V device. Hence this

resistance needs to be reduced by thinning of the substrates or decreasing the substrate resistivity

from what is available today.

Typically, the channel resistance and the dnﬁ region re51stance are the main components that

determine the total on-resistance of the device. Normally the SpeClﬁC on-res1stance Wthh is the

re51stance of a device with umt area is used for companson of dev1ces The on-re51stance (Row)

can be converted to spec:lﬁc on-resistance (Ro,, ,p) by multlplymv it by the area of the devxce cell

(ch,, Z).Fora typlcal ACCUFET dev1ce contammg a 10pm thick N ep11ayer doped at 10"

w1th a cell pltch of 23 pm Wi of 4 pm and a B, Of 125 cm’/V.‘s,b the calculated (using Eq.3) '

R, is 18.5 mQ-cm? which is about 2.5X that of the'ideal (drift region) R, of 7.7 mQ-cm?.

This clearly shows that the proposed device has very low specific on-resistance if the

accumulation channel rnobility (M. is high. In the expenmental sectlon it wﬂl be shown that -

such high p., is achlevable in fabricated devices.



16
I1I. Device Simulation

Two dimensional numerical simulations were done using MEDICI 5[110'] for the *

ACVCUFET structure with a 10pum thick N drift regionﬁ doped at 10" cm®, The buried 'P‘: la‘.j}er '
had a Gaussian profile located between 0.3pm and 0.7pum with a peak concentration of 5x10'"
cm”. An N polysilicon gate electrode with a 100A thick gate oxide (Q; =10" cm™) was used.
The baseline device had a cell pitch of 23um and a channel length of about 2.5um. The spacing
bettveen the P* layets, (W) }was vatied. d"om 2 to 4um. The simulations predicted a blocking

voltage of 1550V and a specific on-resistance of 15-23 mQ-cm? for the different values of W,

. as described in Table.1

Wi | Simul.V, | Simul. BV | Simul.R,,,, | SimulR,,, | Analy. R, | Meas. R, Simul. .
(km) (Volts) (Volts) (mQ-cm?) (mQ-cm?) (mQ-cm?) (mQ-cm?) l(\g:;,/fr‘g)
(Ly=2.5pm) | (Ly=2.5um) | (L,=2.5pm) (L=7um) (Ly=Tpm) (L.=Tpm)
2 2.80 1560 26.0 © 335 325 35.6x1.5 3.3
2.05 1550 202 7 264 26.7 28.8£1.2 4.3
4 1.85 1540 181 225 239 26.7+1.1 48

Table.1 Effect of varying the gap in the P* buried Iayet (Wje) on the various device parameters. The on-state voltage

drop (V) and specific on-resistance (R,,,) Were obtained at a gate bias of 4V, The electric field in the gate oxide

(E,») is given at a drain bias of 1500V, p, =120 cm*V.s was used in simulations and analytical calculations.

From the simulations, it was found that the electric field near the Si0,/SiC interface can
be conttolled by adjusting Wy, When W, is reduced, the depletion'la):fe.rs from vvth'e:two'
Anelghbonng P-N junctions merge and the region above it gets shlelded from the hlgh drain
. voltage, reducmg the electnc field under the oxide,. The three-dlmensmnal electnc ﬁeld proﬁle
shown in Fig.2 cleaﬂy demonstrates that whlle the peak electnc ﬁeld occurs at the edge of the P R

layer the electnc field at the ox1de mterface is much less The electnc ﬁeld in the dnﬁ regton: ;
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below the gate oxide (in the region between the two P* layers) for dxfferent Wi is, shown in -

Fxg 3 It can be clearly seen that as W, is decreased, the ﬁeld at the 1nterface decreases. It is

worth pomtmg out that the peak electric field occurs inside the dnﬁ reg1on at about y—l 6pm and

the electric ﬁeld 1s much lower near the Si0,/SiC interface. Simulations predict that with W<

4pm, the peak electric field in the gate oxide can be kept below § MV/em (<2 MV/cm in SiC at
the interface) even when the maximum electric field in SiC approaches 3 MV/cm. Thus the oxide

Tupture problem [3] is solved while still enabling utilization of the high breakdown electric field

strength of SiC.
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Fig2  Simulated three-dimensional electric field profile showing the location of the peak electric field

and the electric field reduction at the SiO, /SiC interface.

From the above discussion, it is clear that as W, is decreased the max1mum electnc ﬁeld; ,

‘

in the gate ox1de decreases as shown in Table.1. In contrast it was found that varymg W,c,, had, )

very 11tt1e effect on the breakdown voltage, changing it from 1540V to 1560V whcn Wm, was )



decreased from 4 to 2um. ThlS is because even for a W,c,, of 4um, the depletxon layer curvature is

very small for an epltaxxal layer dopmo concentratlon of lxlO“ crn resultmg in mmlmal electnc
field crowdmo at the Juncnon edoe So reducmo Wm, any further w111 result in’ only neﬂmble
increase in the BV. However, when Wi s decreased the forward voltage drop, V; (at
IOOA/cmz) increases because the current has to now flow through a constricted region. This can
be olearly seen in Fig.4 whijch shows current flow lines in the on-state for two cases of W, It
may also be noted from this figure that the current spreads rapidly (~80°%) once it enters the drift
region due to the mobility anisotropy effe.c;t which was discussed earlier. The effect of changing -
W, On the Vg is given in Table.1. Thus, there is a trade off betweeo reducing the forward 4
voltage drop by increasing W, and reducing the maximum gate oxide ﬁeld by decreésinv W,ch

Based on the simulation results, an optimum value for W,,, of 3pm gives a good coinpfofnise

between obtaining low V; and E,,.

1.7E646

1.6E46
1.5E46
1.4E+6 s ol y,
13646 ,
12461

14646 |/ Wich=2um

Electric Field, Viem

] 1 ] 1 1
B0 1. 15 - 2 25 3 85

Distance (y), um

Flg 3 Effect of the size of the gap in the P buned layer (W jd,) on the electnc ﬁeld proﬁle below the gate oude in

the regxon between the gap in the P* buried layer These proﬁlcs were obtamed at a dram bxas of IOOOV ’I'hc Ssz
/S1C mterface is located aty=0. - '
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IV. Device Design and Fabrication

After verifying the concept of the planar SiC ACCUFET through two- dlmensmnal
s1mulat10ns devices were designed to experimentally demonstrate thelr operatlon The devices
were des1gned with various geometrical cell design parameters with an inter-digitated linear
geometry using 2um design rules. The baseline device had a cell pi>tchﬂof 23pum with a W, of
19um. While some designs had metal finger contacts on the N* source, other designs just had a
metal éontact on the N* source pad area. Hence for those dévices witﬁ remote soﬁrce contact, the

N* sheet re51stance also gets added on to the total dev1ce remstance No termination structure is

used for all the dev1ces



Single crystal N-type (2x10" cm) 6H-SiC substrates [11] with lOptri thick nitrogen doped

- (10" cm”) epitaxial layers were used to fabncate the planar ACCUFETs The buned Juncnon' ,

was formed by a smgle hxah energy (380 KeV) boron implantation at a dose of 1x10" cm™.
Monte Carlo simulations using SUPREM 111 p'redxcted a channel thickness of about 0.3pum and a

junction depth of 0.7um which was’ confirmed by SIMS measurements. This implant was

-

followed by multiple lower energy boron _implénts (30,100,200KeV) at the pad area so that

contact could be made to the buried layer and at also the periphery to isolate the source from the

drift region at the edges of the device. Multiple energy (40,100KeV) nitrogen implants at a dose

of 8x10" cm™ was used to form the N* source regions. All implants were annealed at 1400 °C in

- argon for 30 minutes. After a standard RCA clean, the gate oxide was .thermally grown using wet |

~ oxidation at 1100 °C followed by re-oxidation at 950 °C to reduce D, and Q,[12]. A 0.5pm thick

polysilicon was deposited by LPCVD and doped with phosphorus at 875 °C. The polysilicon was

patterned using SF/O, RIE and isolation oxidé was thermally grown on the patterned

. Er

' polysilicon. Ti/Al was used to form both front and back side ohmic contacts [13].

- +T={00K 6H-SxC Device#530261, Wjch=3um
—T=300K Active area=2.52x10" em?

50 —— 200A/cm? et

s, mA

25

Fig.5 This figure shows the effect of temperature on the measured output characteristics of a typical 6H-SiC.
ACCUFET
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V Experimental Results and Discussio"n

Capamtance -voltage measurements on MOS capacitor test elements gave a gate oxide

thickness of 125 A and a fixed oxide charge of ~10u cm, The N* source sheet resistance was

measured to be 2.2KQ/sq. at room temperature which is in reasonable agreement with the

expected (simulation) value of 1.5KQV/sq; the slightly higher value is probably due to the
incomplete activation of dopants at this annealing temperature,

The buried P* layer was shorted to the source during all the measurements. Excellent I-V

characteristics were obtained on the fabricated planar ACCUFETs with good current saturation
and gate control as shown in Fig.5. The unterminated devices had a breakdown voltage (BV) of
350V W1th 2 leakage current of <100 pA just before breakdown, ‘There was no detenoratlon in

the BV with repeated measurément on the same device as long as the current at breakdown was

limited to 5§ mA (20A/cm?). The gate current was monitored during BV measurement and found

to be <InA even during the device breakdown. This demonstrates that the breakdown is non-

Y

catastrophic and the gate oxide rupture, which has been a major problem in SiC UMOSFETs {4], .

is prevented. A room temperature specific on-resistance (Ronsp) of 18 mQ-cm? was measured on

the best device (cell pitch = 21pm, Wi =4pm and Ly, =2.5um) at a gate bias of only 5V. Thus,

the fabricated ACCUFETs have excellent on-state conduction even with the low (logic-level)

gate voltages. In contrast most of the prevxous SiC MOSFETs [4,5,14] have used high voltage
(25-60V) gate drive in order tQ obtain on-state conduction which is usually unacceptable in
power electronic systems. It may also be pointed out that the ACCUFET device can carry
extremely high currents (>300A/cm?) even when operating at a small gate bias of 5V. Hence

these ACCUFETSs can be operated at high current densities resulting in smaller device areas,

higher yield and lower Q‘Qs.t.
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The specific on-resistance of this device is much lower than that of the previously reported -

best 6H-SiC 50V UMOSFET (38 mQ-cm?) [15] and the best 6H-SiC DIMOSFET ’(750v,’“1'25’ .

mQ-cmi) [6]. The calculated specific oﬁ;resistan'cc for the drift region in the fabricated
ACCUFET devices is 7.7 mQ-cm®. Thus, the measured specific on-resistance for the planar
ACCUFET device is within 2.5X of the drift region which can support o‘./er 1500V. We believe
that this is the best value obtained so far for any high voltage SiC MOSFET structure,

As mentioned earlier, while sdme designs had metal finger contacts on the N” source, other
designs just had a metal contact only on the"N’ source pad area to reduce the likelihood of gate to
source shorts. It was observed that the devices with source metal fingers had low Ronep » typiéally -

< 25 mQ-cm® whereas those with remote source contacts had higher R, , in the range of 200

-~ mQ-cm’. This was expected because for those devices with remote source contact, the N* sheet

resistance (which is high) gets added on to the total device resistance. The effect.of this high

- sheet resistance can be accounted for by modeling the current flow through the N source finger

ey

..

in the z-direction. The voltage along the N* source finger will increase as z increases. An -
expression for this voltage V(z) can be derived under the following assumptions: (i) The N
source finger sheet resistance is uniform, (ii) Vps<<Vgs (true in the on-state) and therefore the

MOS channel resistance remains constant, (iii) the drift region resistance is constant.

V(2)=Vos(l—- ) O

Rsh L
h k=J ' : - 10)
where Wn* Rdev ' ' | (10)

where R, is the N source finger sheet resistance, WN" is the width of the N source finger, and

R,., is the device resistgmée per unit length for R,=0. This expression is derived underjthe
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assumption that k.Ly" is large (e**,* =0), where Ly" is the length of the N” source finger. Using .

this equation, the ratio of the total specific on-resistance with and without R, isgivenby ,

Ron,sp(R:h #0) C
e kNt
Ron.:p(R:h=Q) N (11)
For a typical device with R,=2.2KQ/sq., W' =6.5um, and L* =150 pm, we get k.L* = 9.5.
This means that the devices with out source metal fingers will have 9.5 times higher R, s than
identical devices with source metal fingers. This is consistent with the values of ~20 mQ-cm? and

~200 mQ-cm* measured for the devices with and without metal fingers.

Measurements were done on devices with different W,,, and specific on-resistarlces
(Rya.sp) Was determined. Since these devices had only remote source contact, the correction factor
(k.Ly") was used in extracting the Ryop It was observed that as W,, was increased Rooso
decreased as expected. The m'easured specific on-resistances for the different W, along with the
simulated and analytically calculated values are given in Table.1. In the simulations and
analytical calculations,'the contribution from the substrate resistance was neolected This was
done because in the measured devices, the effective substrate re31stance is very small (<5% of the
usual R, ) due to wafer level probing which leads to current spreading in the substrate It may

be noted although the measured value i is slightly higher, possibly due to contributions from the

contact resistances, there is good agreement between these values.

The threshold voltage V,, and the accumulation channel mobility p_, was extracted from the
transfer characteristics shown in Fig.6. The intercept 'on the X-axis of this plot giVes ‘the
threshold voltage which was extracted to be +0. 76V at room temperature (300K). From the slope
of thls plot, the effectwe room temperature accumulation channel mob111ty was calculated to be
120 cm?’ V-s. It is worth pomtmg out that this value is hlgher than the hlghest reported inversion

: layer mob111ty (72 crn’/V-s) in lateral 6H S1C MOSFETs [12] and much h1gher than values
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‘ obtamed in vemcal power devxce structures [4 6] leadmg to low specxﬁc on-resistance for the

| ACCUFET

6HSIC -

300K
Device#530261 -
350K
ér —_—
400K
—p—
ldssa | 450K
Vita (300K)=0.76V "—
Via (450K)=0.33V
2t Hna(300K)=120cm/V.s
Hna(450K)=132cm/V.s
1 1 1
0% 1 2 3 4 5 6 -

Fig.6 Measured transfer characteristics of a typical device for different temperatures.
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The devices were characterized at elevated temperatpires (up to 450K) to_observe the
effect of temperature on the device peffonnance. It can be seen from the high temperature output
characteristics shown in Fig.5 that both the on-resistance and the saturation current increases

with iemperatu:e.

The dependence of the threshold voltage on temperature was also measured. ‘A‘s’vexi.)e’cted :
the V; decreases from 0. 76 V at room temperature to 0.33V at 450K (~-3mV/,°C) as can be seen
from the Fig.6. The effectwe accumula’uon channel moblhty extracted from the plot increased
shghtly from 120 to 132 cmZ/V-s when the temperature was’ mcreased from 300K to 450K.

However ona sumlar devxce the accumulatlon Shiandel mob1hty decreased shghtly from 125 to |
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120 cm¥V-s for the same temperature range. These changes are too small and fall within the
measurement and extractlon error and hence no deﬁmtxve trend in the effectwe accumulatnon '

channel moblllty with temperature could be obtained. So. it may be concluded that the

accumu_latlon channel mobility in these dev1ces remains almost independent of temperature,

unlike inversion layer mobility which increases rapidly with temperature [16) giving rise to the

‘undesirable negative temperature coefficient of on-resistance for the inversion channel power

devices reported in the literature [5].

The variation of the specific on-resistance as a function of temperature (300-450K) was

measured. It was seen that while some devices showed an increase in R,,,, with temperat;lre,
some showed a slight decrease with temperature as shown in Fig.7.” Analysis of the design
variations of these devices showed that all the devices which had source metal fingers (and hence
low R,,,) exhibited 2 positive temperature coefficient whereas those whi-ch had remote source'
contacts showed a negative temperature coefﬁcient. The R, , of the devices with source m'e'tal"
fingers had a temperature dependence of T" where n varied from 1.4 to 1 73 for the dlfferentv
devices. Measurements on test elements show that the drift region also has a posmve temperatﬁre‘ -
coefﬁment as shown in Fig.7 with an n value of 1.82 which is consistent with pubhshed values
[17]. Althouah the electron mobility in 6H-SiC varies as T where n=2.5 [18] the ROnsp does not“
increase with an n value of 2.5 because of the increase in the carrier coricentration due to the
imprpved dopant ionization at higher temperatures. If the total on-resistance of the device 'was
. composed of only the drift region resistance, the device also would have an 1 of 1.82. Howeyer;
the total device resistance consists of other components such as the channel, contact, substrate
resistance etc. (Eq.3) and the fact that the device resistance had an n < 1.82 shows'that these

components collectlvely have a lower (n<1 82) temperature dependence. The most unportantr

point to be noted is that these devices have a strong positive temperature coefﬁc1ent unlike )
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previous SiC MOSFETS [5] A posmve temperature coefﬁcrent 1s extremely desxrable since it -

allows parallelmo of dev1ces and also 1mproves rellabxlrty by avordmg current ﬁlamentatron

problems

-
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Fig.7

As mentioned earlier, the devices with remote source contact had a slight negative
temperature coefficient. It is possible.to get a negative temperature coefficient only if one of the
components have a negative temperature coefficient. The N* source sheet resistance was

measured as a function of temperature and it was revealed to have a negatlve temperature

| coefficient with an » value of -1.25 resultmcr in a negative temperature coefﬁc1ent for the total

specific on-resistance for these devices.

Y1 Conclusions

In this paper, the charactenstlcs of the pla.nar 6H SIC ACCUFET have been analyzed Two-

d1mensronal numencal sunulatlons show that thlS structure does ot suﬁ‘er from the gate oxide
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rupture problcm prcvalent in SIC UMOSFETs and also has a low specific on-resistance (2X of

1deal) Slmulatxons show that the maxlmum elcctnc field in the gate oxide can be reduced by -
decreasmc' the gap between the P* buned layers (W,c,,) but at the expense of an increase in the
specific on-resistance. The fabricated dewces had extremely good current saturation and low
measured specific on-resxstance of 18 mQ -cm? at a gate bias of only 5V. A high accumulation
c;hannel mobility of abqut 120 cm’/V._s tvas experimentally measured on the fabricated devices.
-Due to thé high channel conductance and low specific on-resistances, these ACCUFETs can be

operated at high current densities resulting in smaller device areas, higher yield and lower cost.

The simulations predicted a decrease in the specific on-resistance with increasing gap between

the P* buried layers (W,,) which was confirmed by experimental results. The specific -on-

resistance was demonstrated to have a positive temperature coefficient which is highly desirable

for power devices.

R



Dey

88

References .

1 M.Bhatnégar, and B.J.Baliga, JEEE Trans. on Elect. Dev., Vol.40, No.3, p.645, 1993,

2 J.N.Shenoy, MK.Das, J.A.Cooper, M.R.Melloch, and J.W.Palmour, J.Appl.Phys.,Vol.79,
p.3042, 1996.

3 S.T.Sheppard, M.R.Melloch, and J.A.Cooper, IEEE Trans. on Elect. Dev., Vol.41l, No.7,
p.1257, 1994, |
4 AK.Agarwal, et al., Mat. Res. Soc. Symp. Proc., Vol.423, p.87, 1996,

5 AK.Agarwal, J.B. Casady, L.B.Rowland, W.F.Valek, and C. D Brandt, Int. Conf. On Silicon
Carbzde I1I- Nztrza'es and Related Materials, p.156, 1997.

6 J.N.Shenoy, J.A.Cooper, and M.R.Melloch, IEEE Elect. Dev. Lett., Vol.18, No.3, p.93, 1997.

7 P.M.Shenoy, and B.J. Bahoa Int. Conf. On Silicon Carbide, III Nitrides and Related Materials,
p158,1997. . T

8 P.M. Shenoy, and B. J.Baliga, IEEE Elect. Dev Lett., Vol 16, No. 10 p.454, 1995.

AR Schaffer G.H.Negley, K G.Irvine, and J.W. Palrnour Mat. Res. Soc. Symp. Proc., Vol.339,
p.595, 1994,

10 Technology Modeling Assdciates Inc., Sunnyvale, CA - 2D device simulator modified with
6H-SiC pafameters published by M.Ruff, H.Mitlehner, and R.Helb'i't:,7 in JEEE Trans. on Elect.
- Vol.41,‘ No.6, p.1040,. 1994 and by W.J.Schaffer, G.H.Negley; K.G.irvine, and |
J.W.Palmour in Mat. Res. .Soc. Syhp. Proc., V61.339, p-595, 1994,

11 CREE Research Inc., Durham, NC-27713. | |

12 L.A Lipkin, and J. WPalmour J. of Electromc Materzals Vol.25, No. 5 p. 909 1996.

13 D Alok, B.J. Baliga, and P KMcLarty, IEDM technzcal dzgest Washzngton DC, p. 691 1993




89

14 J.W.Palmour, R.Singh, L.A. Ltpkm and D. G Waltz, T rans. of the Third Intematzonal High

Temperature Electronic Conference p.XVL9, 1996

15 J.W.Palmour, J.AEdmond, H.S.Kong, and C.H.Carter, Silicon Carbide and Related

Materials, Inst. Phys. Conf. Ser. No.137, IOP Publz'.s'hint7 Ltd., p.499, 1993,
16 E.Bano, T.Ouisse, S.P. Scharnholz, A.Golz, and E.G.Stein von Kamienski, Eleczromc Lett.,
Vol.33, No3 p.243, 1997,

17 T.Kimoto, T.Urushidani, S.Kobayashi, and H.Matsunami, JEEE Elect. Dev. Lett., Vol.14,
No.12, p.548, 1993.

18 C.Raynaud, et al., Materials Science & Engineering B, Vol.B29, p.122,1995.-



90
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Abstract

SiC switches are extremely promising for high power applications, such as UPS and motor control, because of extremely low
power losses as compared to Si devices. Although very low diffusion coefficients in SiC has motivated the fabrication of
UMOSFETS, the performance of these devices has been limited by premature oxide breakdown and low inversion layer
mobility. A novel planar vertical MOSFET structure (called ACCUFET), which eliminates both these problems, has been
demonstrated by us. In this paper, we compare characteristics of ACCUFETSs fabricated from 6H-SiC and 4H-SiC polytypes.
A room temperature specific on-resistance (Ronsp) Of 18 mQ-cm?® was measured on the best 6H-SiC device (designed for a
breakdown voltage of 1500V) at a logic-level gate drive voltage of only 5V, which was in excellent agreement with 15 mQ-
cm?’ obtained in simulations. The R,qsp exhibited a positive temperature coefficient. In contrast, the room temperature Ron g
for the best 4H-SiC reduced rapidly with increase in temperature to 128 mQ-cm? at 450 K. At room temperature, the
unterminated 6H-SiC and 4H-SiC devices had a breakdown voltage (BV) of 350V and 450 V, respectively, with a leakage
current of < 100 pA. However, a breakdown voltage of 1240V is obtainable from the epitaxial material on using an Ar
implant (amorphization) edge termination. -

R

Introduction - the gate oxide is chosen such that it is completely depleted

The specific on-resistance of SiC FETs has been
projected to be 100X lower than Si devices. Due to very
low diffusion coefficients in SiC even at high
temperatures, the UMOS structure has been used to
fabricate 4H-SiC MOSFETs with breakdown of 1.1 kV
[1]. In a SiC UMOS structure, high electric field at the
trench comers leads to catastrophic failure of the gate
oxide at high drain voltages [2], which restricts the
maximum operating voltage to much below the plane
parallel breakdown voltage. Further, the extremely low
(1-7 cm?/V-s) inversion layer mobility observed in the SiC
UMOS devices leads to a high specific on-resistance for
the device, which nullifies the advantage of the low drift
region resistance. A novel planar vertical MOSFET
structure (called ACCUFET), which eliminates both the
problems of premature oxide breakdown and low
inversion layer mobility, has been demonstrated by us [3].
In this paper, we compare the characteristics of
ACCUFETs fabricated from 6H-SiC and 4H-SiC
polytypes with measured breakdown voltages of 350-450
Volts. )

Device Stritcture
Fig.1 shows the cross-section of the proposed
structure. The thickness and doping of the N layer below

by the built-in potentials of the P*/N junction and the
MOS gate, resulting in a normally-off device with the
entire drain voltage supported by the P*/N" drift junction.
The device is expected to have high breakdown voltage as
this implanted P*/N" junction can support high voltages
The structure also utilizes the buried P* region to suppress
the electric field below the gate oxide, thereby preventmg
oxide rupture.

Source MOS Gate

Drain

Fig. 1 Schematic cross-section of the planar SiC
ACCUFET
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Fig. 2 Effect of temperature on the output characteristics
of a 6H-SiC planar ACCUFET.

When a positive gate bias is applied, the electrons flow
through an accumulation channel created at the SiO,/SiC
interface. ~ Since the accumulation layer mobility is
expected to be higher than the inversion layer mobility, a
lower on-resistance is expected for the proposed device.
In order to verify the device operation, two dimensional
numerical simulations were done wusing MEDICI.
Simulations predicted that, with Wjch < 4 pm, the peak
electric field in the gate oxide can be kept below 3.5
MV/cm even at a high drain bias of 1000V, thus
preventing the oxide rupture problem observed in

UMOSFETs [1,2]. .

Device Fabrication

. An 8 mask process was developed to fabricate the
high voltage planar ACCUFETs. The starting wafers for
both 6H- and 4H-SiC were single crystal N-type (3x10'®
cm’ ) substrates with a 10 pm thick nitrogen doped (106
cm?) epilayer. The buried junction was formed by a
single high energy (380 KeV) boron implantation at a
dose of 1 x 10" cm® Monte Carlo simulations using
SUPREM III predlcted a channel thickness of about 0.3
um and a junction depth of 0.7 um. This implant was
followed by multiple lower energy boron implants at the
pad area so that contact could be made to the buried layer
and at the periphery to isolate the source from the drift
region at the edges of the device. Multiple energy (40,100
KeV) nitrogen implants at a dose of 8 x 10" cm™ were
introduced to form the N* source regions. All implants
were annealed at 1400 °C in argon for 30 minutes. After
a standard RCA clean, the gate oxide (12.5 nm for 6H-
SiC and 16 nm for 4H-SiC) was thermally grown using
wet oxidation at 1100 °C followed by re-oxidation at 950
°C to reduce Dy and Q¢ [4). A 0.5-um thick polysilicon
was deposited by LPCVD and doped with phosphorous at
875 °C. The polysilicon was patterned using SF¢/O, RIE
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Fig. 3 Measured output characteristics of a 4H-SiC planar
ACCUFET at 460 K.

and isolation oxide was thermally grown on the patterned

polysilicon. Ti/Al was used to form both front and back
side ohmic contacts. The ACCUFETSs were fabricated
with interdigitated linear geometries using 2-pm design
rules.

Results and Discussion

All the characterization was done with the buried P*
layer shorted to the source. Excellent I-V characteristics
(Fig. 2) were obtained on the fabricated planar 6H-SiC
ACCUFETs with good current saturation and gate
control. Both the specific on-resistance (Ronsp) and the
saturation current increased with the temperature. A
room temperature R, of 18 mQ-cm? was measured on
the best 6H-SiC device (cell pitch = 21 pm, Wi, = 4 um
and L, = 2.5 pm) at a logic level gate bias of only 5V,
which was in excellent agreement with 15 mQ-cm?
obtained in simulations. In contrast, most of the previous
SiC MOSFETs have used high-voltage (> 25V) gate drive
in order to obtain good on-state conduction. In spite of
using a low gate voltage, the measured specific on-
resistance of our 6H-SiC ACCUFETs is lower than that of
the best 6H-SiC 50V UMOSFETs (38 mQ-cm?) [6] and
the best 6H-SiC DIMOSFET (510V, 66 mQ-cm?) [7].
The measured Ry, for the 6H-SiC ACCUFET is within
2.5X of the measured drift region resistance which is the
best value obtained so far for any high voltage SiC
MOSFET. Further, this Ronsp is 30X lower than that of a
1500V Si MOSFET. The R, in the 6H-SiC devices
exhibited a small positive temperature coefficient, which
is relevant for paralleling and reliability of devices. .

The I-V characteristics of the 4H-SiC ACCUFET
exhibit larger Ry, (Fig. 3). The room temperature Ry p
for the best 4H-SiC device was found to be very high (3.2
Q-cm® at a gate bias of 5V), but reduced rapidly with
increase in temperature to 128 mQ-cm® at 450 K



(Fig.4(a)). The reduction in Ry, of the 4H-SiC devices
was found to be due to an exponential increase of the
effective channel mobility from 0.06 cm*V-s at room
temperature to 2.3 cm’/V-s at 450 K (Fig. 4(b)). The
specific on-resistance is expected to be lower for devices
fabricated on 4H-SiC wafers than those on 6H-SiC wafers
due to the higher bulk mobility for electrons.
Measurements on the test elements showed that as
expected, the drift region resistance is indeed lower on the
4H-SiC wafers (0.9 mQ-cm? vs 7.7 mQ-cm? for 6H-SiC).
Hence, it was concluded that the high resistance is most
probably caused by the channel. The SIMS profile (Fig.
5) of the deep boron implant indicated that the desired N-
layer is formed for 6H-SiC. However, the SIMS profile
exhibited a “shoulder” near the SiC/SiO; interface for 4H-
SiC. This indicates that the surface may have been
inverted to P-type for 4H-SiC, which suggests formation
of an inversion channel in the 4H-SiC MOSFET during
the on-state. The increase in effective channel mobility

with temperature for 4H-SiC is believed to be caused by

interface states which trap electrons from the inversion
layer. In comparison, the effective accumulation channel
mobility in a 6H-SiC planar ACCUFET was extracted to
be 120 cm?/V-s indicating much less trapping.

At room temperature, the unterminated 6H-SiC and
4H-SiC devices had a breakdown voltage (BV) of 350V
and 450 V, respectively, with a leakage current of < 100

HA (Fig. 6). Unlike the SiC UMOSFET, no evidence of S
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Fig. 4 (a) Effect of temperature on the specific on-state
resistances in 6H- and 4H-SiC planar ACCUFETs. (b)
Variation of effective mobility in a 4H-SiC planar
ACCUFET with temperature, exhibiting Arrhenius-type
dependence.
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Fig. 6 Experimentally‘measured blocking characteristics
of (a) 6H-SiC and (b) 4H-SiC planar ACCUFETS showing
aBV of 350V and 450V, respectively. '

oxide rupture was observed at breakdown in the SiC
ACCUFET. Breakdown voltage of the buried P/N
junction improved from 510V to 1240V on using an Ar
implant edge termination [8], indicating that breakdown
voltages of 1240V are obtainable from the "epitaxial
material used for fabricating the above ACCUFETs.
Reverse breakdown characteristics of the buried P'/N
junction with and without the edge termination are shown
in Fig. 7. Notice that the breakdown voltage lmproves
with increase in the ion implanted area.
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Fig. 7 Reverse I-V characteristics of the P*/N" diode of
the ACCUFET with and without edge termination using
amorphization. Breakdown voltage of upto 1240 V were
measured after argon implant edge termination.

In Fig. 8, we compare specific on-resistance and
breakdown voltage of 4H- and 6H-SiC ACCUFETSs with
other SiC MOSFETs. For reference, lines describing the
variation of specific on-resistance with breakdown voltage
are included for Si (at 25 °C), Si (at 175 °C) and SiC.
The unterminated 4H-SiC ACCUFET (3.2 Q-cm?, 450V)

is above the Si limit at room temperature. However, af”

175 °C, this device is close to the Si limit, assuming no
change in the breakdown voltage. At this temperature,
after edge termination, the 4H-SiC ACCUFET is about
10X better than the best Si device. The unterminated 6H-
SiC ACCUFET is at the Si limit even at room
temperature. After edge termination, this device is 100X
better than the best Si device.

Conclusions
Planar high voltage vertical SiC ACCUFETSs were
fabricated from both 6H- and 4H-SiC using a buried
implanted region which shields the gate oxide, thereby
preventing the oxide rupture problem prevalent in SiC
UMOSFETs. The 6H-SiC transistors had extremely good

current saturation and low measured specific on-resistance

of 18 mQ-cm” at a logic level gate bias of only 5V. The
4H-SiC device exhibited higher measured specific on-
resistance, which decreased rapidly with temperature. _
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Introduction

The primary goal of this research is vto develop fabrication techniques for the
production of large-area, low-defect density, device-quality SiC films on Si substrates.
Currently available commercial SiC substrates have diameters < 2". It is, therefore,
desirable for SiC substrates to be produced in already existing 4"-diameter Si processing
equipment. To this end, three candidate processing routes were determined: (1) the
conversion of the near surface region of Si(111) or SIMOX (111) surfaces to SiC for
subsequent homoepitaxial growth of a thick SiC layer, (2) the use of an (0001) oriented
AIN interlayer deposited on a thin converted layer of SiC for subsequent growth of SiC,
and (3) the utilization of lateral epitaxial overgrowth (LEO) techniques.

During the past year, the group has accomplished the following tasks towards the
completion of the goals of this project. Firstly, significant research was conducted on the
conversion of Si(111) surfaces to SiC. Multiple characterization techniques were used in
the chemical and microstructural analysis of the converted layers produced. X-ray
photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), and reflective
high-energy electron diffraction (RHEED) investigations were conducted on the SiC
layers at NCSU while transmission €léctron microscopy (TEM) and spectroscopic
elipsometry studies were carried out elsewhere. Twinning was observed in the initiaily
produced SiC layers, and the converted layer contained pits and blisters. Efforts to
optimize the conversion process have resulted in converted layers free of both twinning
and blisters. It is expected that pit-free layers will be produced in the next few months.
Conversions were subsequently conducted on SIMOX (111) substrates. Multiple
characterization techniques were employed. The initial layers of SiC produced on
SIMOX were also poor in surface quality containing both pits and blisters. As in the case
of the converted layers on Si(111), efforts to optimize the conversion process on SIMOX
resulted in layers free of blisters.

Work has also been completed regarding the growth of AIN interlayers on Si(111) for
the subsequent growth of SiC(111) layers. Films of AIN have been grown on SiC
converted layers; however, the surface quality of the AIN has been poor. This is reflective

of the quality of the converted layers themselves which contain pits.
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Firially, a chemical vapor deposition (CVD) system is being retfoﬁtted 'specviﬁcally
for the growth of SiC films. The system contains a RHEED chamber to'“afllcg)‘w
determination of the film polytype. The sample is RF heated to allow growth
temperatures of 1500°C to be achieved. The system will be capable of handling wafers to

1.5"in diameter.

Major Results and Findings |
Conversion of Si(111) and SIMOX (111) tb SiC(111)

A gas source molecular beam ebitaxy (GSMBE) system has been used to convert a
thin surface layer of a Si(111) substrate to cubic 3C-SiC(111). The system has a base -
pressure better than 1E-9 Torr and a processing pressure between 1E-5 Torr and
SE-5 Torr. Ethylene (C2H4) is used as the carbon source for the conversion with flow
rates between 0.2 and 2.4 sccm. The surface temperature of the sample is between 860°C
and 1100°C, and conversion times range between 15 and 60 minutes.

The best converted surfaces on Si(111) substrates have been obtained with low
conversion temperatures and low carbon fluxes. A RHEED pattern and SEM micrograph
of a representative surface may be seéﬁ?in Figure 1. This surface was produced on a
Si(111) on-axis substrate vﬁth an ethylene flow rate of 0.2 sccm _ahd a surface . -
temperature of 860°C. A tempefature ramp up rate of 30°C/min was used along with a -
dwell time of 30 minufes. It can be seen from the SEM micrograph that while the surface
contains triangular pits, no blisters are present. Figure 2 shows an SEM micrograph of a
converted Si(111) surface which contains both pits and blisters. This surface was
converted ﬁsing bofh a high—temperature (1100°C) and a high carbon flux (1 .SSccm).t'I't' is
clear from comparison of the two micrographs that the surface converted under 'dvleblovi\'/.~ ‘
temperature/ldw-ﬂux regimen has better surface quality. Figure 3 shows the interface
between the substrate and the converted layers. It can be seen here that the rough
interface exists between the substrate and the converted layer.

The best converted surfaces on SIMOX (111) substrates were also obtained utilizing
low processing temperatures and low carbon fluxes. Figure 4 contains an SEM
micrograph showiri:g sudh a surface. While the surface does contain triangular pits similar

to those seen in the converted surfaces on Si(111), it does not contain blisters. It is
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thought that the pits observed in the converted layers of both Si(111) and SIMOX (1 11)
are the result of a cleamng artifact. Through experimenting with different surface

cleaning techniques, it is expected that pit-free converted layers will be achieved.

Crystalline Interlayer Deposition

A chemical vapor deposition (CVD) system is used to deposit a layer of crystalline
AIN on top of which a thick layer of SiC may be grown. The system has a base pressure
of 45 Torr, and growth temperatures of 1100°C. Growth times of 90 minutes or more are
used. Triethylaluminum (TEA) is used as the aluminum source with a flow rate of
26 pmol/min. Ammonia is used as the nitrogen source with a flow rate of 1500 scem.
Hydrogen is used as a carrier gas and diluent with a flow rate of 3000 sccm. AIN layers
have been grown on both Si(111) and on converted SiC(111) layers. Figﬁres 5and 6
show both RHEED patterns and SEM micrographs of AIN layers grown on both Si(111) .
and on SiC, respectively. It can be seen from the micrographs that the pits in the
converted SiC layers show through in the AIN layers. Figure 7 shows a TEM micrograph
of interfaces between the Si substrate, the SiC converted layer, and the AIN interlayer.

'As part of the second and third yeg;:project goals, it is expected that using the new

. CVD system, which is currently under construction, SiC will be grown on the AIN

" interlayers.

Lateral Epitaxial Overgrowth (LEO) Techniques -

A new chemical vapor deposition (CVD) system is being retrofitted specifically fdr
work on this project. The new system will enable the conversion of both Si(111) and
SIMOX (111) surfaces to SiC, homoepitaxial growth of SiC, growth of AIN interlayers,
and growth of SiC on top of the AIN interlayers. In addition, it will allow for
experimentation with lateral epitaxial overgrowth techni@ues. It is ekpected' that th.is

system will come on line the beginning of next year (1999). A schematic of the system

can be seen in Figure 8.
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Figure4.  SEM of conversion on SIMOX.
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o :Figure 6. SEMand RHEED of AIN on converted SiC.
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Figure 7. TEM of interfaces (substrate/SiC/AIN).




iH, CH, NH, N,/H, (CH,,Al

105

Quartz Growth
Chamber
To RF Power
— supply

***RHEED located
behind Load-Lock

‘| Turbo

Pump

oughing
[Pump

Diffusion Pump

]
"]
]

Roughing

Pump
Stroke -
Mechanism

Exhaus

Figure 8.  CVD system schematic.



